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Article Info Abstract

Article history: Hydroxyapatite (HA) is a bioceramic widely utilized in the medical field as a
substitute for bone and dental applications. The mechanical properties of HA are
influenced by its microstructure, which varies based on the source of the material,
whether it is commercially acquired or laboratory-synthesized. This study aims
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Online: 30 April 2025 to investigate and compare the properties of commercially available HA with
Keywords: those of laboratory-synthesized HA, as well as their mixtures, focusing on density
Density; Hydroxyapatite; and hardness. To conduct this investigation, both laboratory-synthesized and
Hardness; Sintering commercial HA were sintered at temperatures of 800°C, 900°C, 1000°C, and
Temperature 1100°C for a duration of two hours. Additionally, various mixtures of the two

sources of HA were prepared in weight percent ratios of 0:100, 30:70, 50:50,
70:30, and 100:0 using a planetary ball mill, also for two hours. The density of
sintered HA was determined using Archimedes’ principle, while its hardness was
evaluated using a Vickers hardness tester. The findings revealed that laboratory-
synthesized HA sintered at 1100°C exhibited the highest density and hardness,
measuring 3.15 g/cm3 and 488.9 MPa, respectively. This superior performance can
be attributed to the smaller particle size of the laboratory-synthesized HA, which
enhances densification. The dense structure of the laboratory-synthesized HA
results in reduced porosity and smaller grain sizes, as evidenced by scanning
electron microscopy images. In contrast, the commercial HA achieved a density
of only 3.00 g/cm?3 at the same sintering temperature of 1100°C, attributable to
poorer densification and a resultant porous microstructure. Notably, the mixture
of commercial and laboratory-synthesized HA at a ratio of 30:70 demonstrated
properties closely aligned with those of pure laboratory-synthesized HA,
achieving a density of 3.14 g/cm? and a hardness of 477.3 MPa. These results
underscore the importance of source material and processing conditions in
determining the mechanical properties of hydroxyapatite.

1. Introduction enhances osseointegration [2, 3, 4, 5]. HA has a wide
range of applications beyond the biomedical field. It is
utilized in various non-biomedical areas, including as a
catalyst, in chromatography, and as a filler in polymer
composites [6]. Its stability and multifunctional
properties make HA a valuable material in these
applications.

Hydroxyapatite (HA) is a calcium phosphate
compound with the chemical formula Caio(PO;)s(OH).. It
is known for its biocompatibility, bioactivity, and
similarity to the mineral components of human bones
and teeth [1]. These properties make HA a prominent
material in biomedical applications, particularly in bone
grafts, dental implants, and prosthetic coatings, where it
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Commercial HA is generally produced through
industrial processes that utilize elevated temperatures to
ensure a uniform composition and consistent particle
size. However, the high-temperature production
methods can present certain challenges, including the
risk of partial decomposition, crystallinity alterations,
and impurities, such as secondary phases like tricalcium
phosphate. These factors can impact its mechanical
properties and limit its adaptability for specific
applications [7].

In contrast, laboratory-synthesized HA can be
tailored using various chemical methods, such as wet
precipitation, sol-gel, and hydrothermal synthesis. These
methods allow for precise particle size, morphology, and
stoichiometry control. Laboratory-synthesized HA also
enables the addition of dopants, such as magnesium or
zinc, to enhance its biological and mechanical
performance. However, laboratory-synthesis methods
can present challenges such as batch-to-batch variability
and potential contamination, which may affect
consistency compared to commercial HA 8, 9].

The performance of HA-based materials is subject to
a range of influential factors, including microstructure,
purity, and mechanical properties such as hardness.
These properties are significantly affected by the method
of HA fabrication, whether it is produced commercially or
synthesized in the laboratory. Additionally, particle size
plays a crucial role in determining the mechanical
characteristics of the material [10]. Research conducted
by Indra et al. [11] indicates that combining micron-sized
HA with nano-sized HA can enhance material strength.
This improvement is attributed to the ability of nano-
sized particles to fill the pores within micron-sized HA,
thereby increasing the overall density and mechanical
strength of the composite.

The sintering temperature is another critical factor
affecting the mechanical strength of HA. It can be
adjusted based on HA particle size, with smaller particles
requiring lower sintering temperatures. For instance, the
appropriate sintering temperature for nano-sized HA is
1000°C using spark plasma sintering [12], while micron-
sized HA may necessitate temperatures as high as 1250°C
[13, 14]. Although micron-sized HA is less expensive, the
challenge of high sintering temperatures remains. On the
other hand, nano-sized HA offers the benefits of lower
sintering temperatures and enhanced mechanical
strength, though it is more costly to produce [15, 16].

Table 1. Reported sintering temperature and type of HA

Despite extensive studies on HA applications, there is
limited research comparing the effects of commercial and
laboratory-synthesized HA on the microstructure and
hardness of composite materials. While some studies
focus on the biological or chemical behavior of these two
types of HA, their mechanical aspects—particularly the
role of HA sources (commercial vs. laboratory-
synthesized) in influencing the process-structure-
property relationship—remain underexplored.
Systematic studies on the influence of HA sources on
microstructural features such as grain size, porosity,
phase distribution, and their impact on hardness are still
scarce. Table 1 summarizes previous studies focusing on
the effect of temperature and particle size on HA hardness
but does not include a direct comparison between
commercial and laboratory-synthesized HA.

This study aims to investigate and compare the
characteristics of commercially available HA with
laboratory-synthesized HA and their mixtures, with a
primary focus on density and hardness. Addressing this
knowledge gap is vital for optimizing material
performance and customizing HA-based products for
advanced engineering and biomedical applications.

2. Experimental

2.1. Materials

The HA utilized in this study was sourced from
commercially available suppliers through Tokopedia and
laboratory synthesis. Additionally, an examination of
mixtures of these HAs was conducted, with detailed
information regarding the composition presented in
Table 2.

2.2. Procedure

The research methodology involves several critical
stages: sample preparation, mixing, compaction,
sintering, and characterization, as illustrated in Figure 1.
Two types of HA were blended according to the
composition outlined in Table 2. This mixing process was
conducted using a planetary ball mill (PBM) at a speed of
100 RPM for two hours, utilizing a Teflon jar and steel
balls for effective milling. Following the mixing stage,
pellets were formed employing a compaction machine
under a pressure of 2 tons, resulting in pellets with a
diameter of 15 mm and an average thickness of 4 mm.
Subsequently, these pellets were subjected to sintering at
various temperatures—800°C, 900°C, 1000°C, and
1100°C—with a holding time of two hours at each
specified temperature.

Parameter Table 2. Sample name and composition
Type of HA Sintering temp. Mixing ratio Composition
(°C) (wt.%) Sample name (Wt.%)
1000, 1050, 1100 i i
n-HA: p-HA [15] 11,50 51 2,0 . ) 80:20 Commercial Laboratory synthesized
! hesis 0 100
60, 50:50 syne
. 30:70, 40:60, 50:50, .
HA: Flour [17] 900 60:40, and 70:30 30:70 30 70
HA: Chitosan 30:40, 40:60, 50:50, 50:50 50 50
900
[18] 60:40, and 70:30 70:30 70 30
HA [19] 700, 800, 900 N.A. commercial 100 0
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Figure 1. A schematic illustration of the research
procedure. (a) and (b) depict the commercial and
laboratory-synthesized HA, respectively. The HA powder
was subjected to sintering within (d) a muffle furnace.
For comparative analysis, both samples in (a) and
(b) were combined through (c) ball milling for 2 hours.
Subsequently, the sintered samples were subjected to
(e) characterization and further (f) analysis

2.3. Characterization

The particle sizes of commercially available and
laboratory-synthesized HA were determined using a
particle size analyzer (PSA). The density of the samples
was assessed using the Archimedes method, which
utilized deionized water as the medium. Additionally,
microstructural characteristics were examined through
scanning electron microscopy (SEM) to evaluate grain
size and microstructure in relation to varying sintering
temperatures. Moreover, Fourier transform infrared
spectroscopy (FTIR) was employed for functional group
analysis to understand the chemical alterations caused by
changes in temperature. The crystalline phases of HA
were analyzed through X-ray diffraction (XRD), with
observed diffraction peaks compared to a reference
database. Additionally, a Vickers hardness tester,
utilizing an indentation load of 0.2 kgf, was employed to
evaluate the hardness of the HA materials. The Vickers
hardness test was determined using Equation 1.

H= 1.8544‘112 €))

Where, H represents hardness (MPa), F denotes load
(N), and d is the average measurement of the two
diagonals of the indentation (mm). This methodology
enabled a comprehensive assessment of the impact of
sintering temperature on the hardness properties of the
samples.

3. Results and Discussion

Particle size measurements were conducted using
PSA to evaluate the particle size distribution of
laboratory-synthesized and commercial HA. The average
particle size of laboratory-synthesized HA was found to
be 313 nm, whereas that of commercial HA was 521 nm, as
shown in Figure 2. Laboratory-synthesized HA displayed
a sharper peak near smaller particle sizes (313 nm),
indicating a more uniform particle size distribution.
Conversely, commercial HA exhibited a broader
distribution with a peak at a larger particle size (521 nm),
reflecting more significant variability in particle size.
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Figure 2. Particle size distribution graph for HA
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Figure 3. Density of HA at sintering temperature

The characteristic small particle size and
homogeneous distribution of laboratory-synthesized HA
can be attributed to the controlled synthesis process [4].
In contrast, large-scale production often requires
elevated temperatures, leading to an increase in particle
size. Differences in particle size significantly influence
material properties such as density, porosity, and
mechanical strength. Smaller particles (laboratory-
synthesized HA) are generally more reactive during
sintering, enabling densification at lower temperatures.
In contrast, larger particles (commercial HA) may require
higher sintering temperatures but offer lower production
costs due to simpler manufacturing processes.
Combining these two types of HA at different ratios
provides opportunities to optimize both mechanical and
economic properties.

Figure 3 illustrates the density of HA after sintering
at varying temperatures (800°C, 900°C, 1000°C, and
1100°C) for 2 hours. The density measurements,
performed using the Archimedes method, reveal that
laboratory-synthesized HA consistently exhibited higher
density than commercial HA across all sintering
temperatures. Densities increased with higher sintering
temperatures, attributable to densification and the
corresponding reduction in porosity.



Jurnal Kimia Sains dan Aplikasi 28 (3) (2025): 130-137 133

B G Gmw e w3 Gam Ssein B G e

Figure 4. SEM images of sintered HA for (a) synthesized
HA at 800°C, (b) synthesized HA at 900°C,
(c) synthesized HA at 1100°C, and (d) commercial HA at
1100°C

At a sintering temperature of 1100°C, laboratory-
synthesized HA achieved the highest density of 3.15
g/cm3, marginally exceeding that of commercial HA,
which is 3.12 g/cm3. The blends of commercial and
laboratory-synthesized HA in ratios of 30:70, 50:50, and
70:30 exhibited similar trends, demonstrating an
increase in density as the sintering temperatures
increased. This phenomenon suggests that the smaller
particles from the laboratory-synthesized HA effectively
occupy the voids in the larger particles of commercial HA,
thereby enhancing overall densification. These findings
align with existing literature, which indicates that
smaller particles generally display higher sintering
reactivity, resulting in greater densities at lower sintering
temperatures [15, 20]. Achieving higher material
densities necessitates uniform mixing and precise
temperature control during the sintering process. These
elements are critical, as they significantly affect grain
distribution and the degree of material shrinkage [21, 22].

Figure 4 illustrates the microstructural observations
of HA as seen through SEM images after sintering at
varying temperatures: 800°C, 900°C, and 1100°C.
Additionally, it provides a comparison between
laboratory-synthesized and commercial HA. Figure 4(a)
displays the microstructure of the laboratory-
synthesized HA sintered at 800°C. At this temperature,
the particles have not achieved full densification,
resulting in most of them remaining isolated and
exhibiting considerable porosity. This insufficient
temperature hinders optimal densification, while
excessive grain growth occurs.

The microstructure exhibits enhanced densification
at a sintering temperature of 900°C (Figure 4(b)). The
particles begin to interconnect, reducing porosity
compared to the microstructure observed at 800°C. This
temperature marks the initial stages of sintering,
characterized by the formation of necks between
particles. The development of these necks indicates that
diffusion between the particles has occurred without the
presence of abnormal grain growth, as shown at 800°C.

However, densification remains incomplete at this
stage, as it represents an intermediate point in the

sintering process. This highlights the critical influence of
temperature on reducing porosity and enhancing
material density [23, 24]. The microstructure of the
laboratory-synthesized HA shows markedly improved
densification at 1100°C (Figure 4(c)). Most pores are
closed, and the particles are tightly bonded together.
Grain growth becomes more pronounced, leading to a
denser and more uniform microstructure. At this elevated
temperature, optimal material diffusion occurs,
facilitating pore shrinkage and increased density. Such
microstructures are generally associated with enhanced
mechanical properties, including improved strength and
hardness [25].

Under the same sintering conditions, the
microstructure of commercial HA (Figure 4(d)) exhibits
notable differences compared to that of laboratory-
synthesized HA (Figure 4(c)). While densification has
occurred in both cases, the microstructure of commercial
HA retains a greater number of small pores. This is likely
a result of the less uniform particle size distribution
found in commercial HA, which impacts the sintering
process. The presence of larger particles in commercial
HA requires more energy to achieve optimal
densification, leading to incomplete pore filling at the
given temperature [20, 26].

Figure 5 illustrates the FTIR spectra of HA samples,
emphasizing the characterization of functional groups in
both laboratory-synthesized and commercial HA, as well
as the influence of sintering temperatures (800, 900,
1000, and 1100°C) on laboratory-synthesized HA. The
primary absorption bands observed indicate the presence
of key functional groups, such as phosphate (PO,3"),
carbonate (COs;*7), and hydroxyl (OH-"), which are
characteristic of HA’s structure [27].

In the wavenumber range of 960-1100 cm?,
prominent peaks associated with the symmetric and
asymmetric stretching vibrations of phosphate ions
(PO,3") are clearly observable. The intensity of these peaks
increases with rising sintering temperatures, indicating
an improvement in the material’s crystallinity. This
enhancement is attributed to enhanced material diffusion
at elevated temperatures, which facilitates the formation
of a more organized crystalline HA structure [28, 29].
Additionally, absorption bands in the 1400-1500 cm™
range and around 870 cm™ correspond to carbonate ions
(CO5*), indicating their substitution within the HA
structure. The intensity of these carbonate bands
diminishes as the sintering temperature increases,
suggesting that carbonate groups decompose at higher
temperatures. This finding is consistent with existing
literature indicating that carbonate ions tend to
decompose during high-temperature sintering [13, 30].

At approximately 630 cm™, a strong absorption band
is noted, representing the hydroxyl group (OH"), which is
a distinguishing feature of HA. The intensity of this
hydroxyl band is greater at lower sintering temperatures
but decreases at higher temperatures, likely due to
thermal desorption or decomposition reactions occurring
at elevated temperatures. The FTIR spectrum of
commercial HA exhibits relatively weaker peak
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intensities than laboratory-synthesized HA, particularly
regarding phosphate groups (PO,3"). This observation
suggests that commercial HA may have lower
crystallinity or a higher content of amorphous phases
than laboratory-synthesized HA, especially following
high-temperature sintering, which enhances the
crystalline structure of laboratory-synthesized HA.

Figure 6 presents the XRD patterns of HA samples,
highlighting the significant impact of the sintering
process on the crystal structure and degree of crystallinity
of the material. The XRD spectra in Figure 6 reveal
distinct diffraction peaks characteristic of the
hydroxyapatite phase, with dominant peaks observed at
20 positions of approximately 31.8°, 32.2°, and 33.0°.
These correspond to the (211), (112), and (300)
crystallographic planes, as referenced from the ICDD 01-
072-1243 database. For laboratory-synthesized HA
without sintering, the diffraction peak intensities are
lower, and the peaks are broader, indicating smaller
crystallite sizes and a lower degree of crystallinity,
corresponding to the crystallite size of 166 A.
Comparatively, commercial HA has a crystallite size of
405 A. The crystallite size was determined utilizing the
Scherrer equation (2) [31].

KA (2)

" Bcoso

In Equation (2), D represents the crystallite size, K is
the shape factor, commonly assumed to be 0.9, B denotes
the width (full width at half maximum, FWHM) of the
XRD peak expressed in radians, and 6 is the Bragg angle.
As the sintering temperature increases, a notable rise in
the intensity of the diffraction peaks is observed,
accompanied by a narrowing of these peaks. This
phenomenon indicates the growth of crystallites and an
enhancement in crystallinity. The crystallite size of
laboratory-synthesized HA consistently increases with
higher sintering temperatures. Specifically, at sintering
temperatures of 800, 900, 1000, and 1100°C, the
crystallite sizes measured were 266, 379, 480, and 531 &,
respectively.
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Figure 5. FTIR spectra of sintered HA at various
temperatures, including the HA before sintering for both
synthesized and commercial samples
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Figure 6. XRD patterns of synthesized HA as a function
of temperature. For comparison, XRD patterns of both
synthesized and commercial HA were included

Additionally, XRD patterns indicate that the crystal
structure of HA is hexagonal, with a space group
designation of P 63/m. This hexagonal arrangement is
indicative of the highly ordered atomic structure
characteristic of HA, while the identification of this
specific space group confirms the presence of six-fold
rotational symmetry and a mirror plane that is
perpendicular to the c-axis. At a sintering temperature of
1100°C, the diffraction peaks exhibit the highest
intensities and the lowest FWHM, reflecting a more
ordered and homogeneous crystal structure [32].

The hardness testing results for HA, as shown in
Figure 7, demonstrate that material hardness is
significantly influenced by both the sintering
temperature and the mixing ratio of laboratory-
synthesized and commercial HA. For laboratory-
synthesized HA, the hardness increased from 152.2 MPa
at a sintering temperature of 800°C to 488.9 MPa at
1100°C. This increase reflects a direct relationship
between sintering temperature and material hardness,
where higher temperatures enable better material
densification and reduced porosity. These findings are
consistent with previous studies that show increasing
sintering temperatures improve the mechanical
properties of materials, including hardness [33, 34].

However, other studies have reported that excessive
sintering temperatures may result in reduced mechanical
strength due to excessive grain growth and the formation
of microcracks in the material structure [35]. In this
study, the maximum sintering temperature of 1100°C
resulted in increased hardness without any indications of
mechanical degradation. Compared to human bone, the
hardness of laboratory-synthesized HA sintered at 1100°C
is observed to fall within the range characteristic of
human bone hardness. The hardness of human bone
varies by type, typically ranging from 279 MPa to 501 MPa
[36, 37]. To improve the mechanical properties of HA, it is
common to incorporate reinforcement materials [38, 39,
40].
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Figure 7. Hardness results of sintered HA at different
compositions and sintering temperatures

In addition to sintering temperature, the mixing
ratio of laboratory-synthesized to commercial HA also
affects hardness. At 1100°C, the 30:70 ratio achieved the
highest hardness of 477.3 MPa, surpassing the 50:50 and
70:30 ratios, which reached 210.9 and 195.5 MPa,
respectively. This indicates that the source of HA
contributes to improved material density by filling the
pores present in commercial HA. Moreover, even at a
lower sintering temperature (900°C), the 30:70 ratio
achieved a hardness of 142.2 MPa, which is higher than
the hardness of commercial HA at a sintering temperature
of 1100°C. These findings are consistent with the
literature, indicating that smaller particles positively
increase hardness by reducing porosity and enhancing
material density [11, 41].

4. Conclusion

This study demonstrates that hydroxyapatite (HA)
characteristics, both laboratory-synthesized and
commercial, are significantly influenced by particle size,
mixing ratios, and sintering temperature. Laboratory-
synthesized HA exhibits smaller particle sizes, measuring
313 nm, compared to commercially available HA, which
measures 521 nm, as determined by particle size analysis.
The different sources of HA yield varying results in terms
of density; specifically, at a sintering temperature of
1100°C, laboratory-synthesized HA achieves the highest
density of 3.15 g/cm3, surpassing that of commercial HA,
which reaches a density of 3.12 g/cm3. SEM images
illustrate that laboratory-synthesized HA exhibits a
dense microstructure, whereas the commercial
counterpart displays a porous microstructure. This
disparity in microstructure contributes to a considerable
difference in hardness. Laboratory-synthesized HA
achieves an impressive hardness of 488.9 MPa at 1100°C,
while commercial HA attains only 120.1 MPa at the same
sintering temperature. Combining both types of HA in a
30:70 ratio yields enhanced densification, resulting in a
density of 3.14 g/cm? and a hardness of 477.3 MPa. Overall,
laboratory-synthesized HA demonstrates significant
advantages in terms of density, crystallinity, and
hardness compared to commercial HA. Combining
synthesized and commercial HA offers a balanced

approach to cost and performance, positioning it as a
superior material for biomedical applications.
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