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Abstract: The development of promising biocompatible composites based on hydroxyapatite with
a metallic component is of great interest to researchers. This article describes the synthesis of
hydroxyapatite powder by the hydrolytic method and presents the results of mechanical grinding
of hydroxyapatite powder. Additionally, in order to study the interaction between titanium and
hydroxyapatite powders, the results of their thermal treatment in the temperature range of 600–900 ◦C
are presented. As a result of the hydrolytic method, a powder consisting of Ca5(PO4)3(OH) and CaO
phases with a fraction of 400–600 µm was obtained. According to the results of mechanical grinding,
it was determined that with an increase in grinding time from 30 to 120 min, the intensive main
diffraction lines corresponding to hydroxyapatite decrease. During the thermal treatment of titanium
and hydroxyapatite powders, titanium oxidizes forming suboxides and titanium dioxide (TiO2). At
higher temperatures, the hydroxyapatite phase disappears from the mixture, and titanium oxide,
calcium phosphate compound, and small amounts of calcium titanate and titanium hydrophosphate
are present.

Keywords: mechanical grinding; hydroxyapaptite; titanium; structure; heat treatment

1. Introduction

In medical practice, implants are used to correct bone defects or replace damaged tissue.
However, selecting the optimal balance of implant strength characteristics, with maximum
biological compatibility, remains one of the most important unresolved issues [1,2]. To
mitigate the negative impact of these factors, it is necessary to create a transitional zone
between the bone and the implant, which, alongside a strong bond with the implant
material, should possess an organism-acceptable macro- and microstructure. Coatings on
metals, characterized by specific porosity and developed morphology, required for effective
implant integration, can serve this purpose [3–5].

For this task, composite materials based on hydroxyapatite (HA) and titanium [6,7] are
considered the most promising, as they are bioactive and possess high mechanical charac-
teristics [8–11]. Hydroxyapatite is the most suitable bone substitute material, characterized
by excellent biocompatibility with bone tissue. Consequently, it serves as a fundamental
component in orthopedics and dentistry [12,13]. Hydroxyapatite resembles the biological
mineral providing skeletal strength and serving as a reservoir for calcium, phosphorus,
sodium, and magnesium. It is known that there exists an inverse relationship between
the biological and mechanical properties of biomaterials: the better the tissue accepts the
implanted material, the worse its mechanical properties [14,15].

The interaction of HA with living tissue depends on its chemical composition, size,
and morphology [16]. Therefore, synthesizing a synthetic analog of the bone’s mineral
component is a relevant and demanded task. Developing methods for the synthesis and
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processing of biocompatible materials of specified composition and morphology poses a
significant challenge.

Commonly used methods for obtaining HA mainly include hydrothermal, precipita-
tion, solvothermal, self-combustion, microemulsion, ultrasound synthesis, electrochemical
synthesis, biomimetic, and solid-state reaction methods, namely wet and dry methods.
Among them, the most widely used methods for obtaining HA powders in recent years
are hydrothermal, thermal solvent, and precipitation methods [17]. However, researchers
have been constantly modifying the corresponding methods and subsequent processing of
nanoscale hydroxyapatite and its composite materials to achieve the desired biological and
mechanical properties.

The crystallinity of HA for hard tissue regeneration has been controlled by mechanical
grinding (MG) methods and subsequent heat treatment. For instance, in [18], crystallinity,
based on crystallite size and elastic deformation of crystals, decreased over time of grind-
ing, and the rate of decrease depended on the type of calcium phosphate. Researchers
in [19] found that after 72 h of grinding, the main peak of HA became completely invis-
ible on the diffractogram. Dinda S. and colleagues [20] reported on the progress of the
mechanochemical synthesis of nanocrystalline HA from six different powder mixtures
containing Ca(H2PO4)2·H2O, CaO, Ca(OH)2, and P2O5. The rate of mechanochemical
reaction of the powder mixture Ca(H2PO4)2·H2O–Ca(OH)2 was very high, as the HA phase
began to form approximately after 2 min and was completed after 30 min of grinding in a
ball mill. All six powder mixtures were completely transformed into HA with crystallite
sizes ranging from 18.5 to 20.2 nm after 1 h and from 22.5 to 23.9 nm after 2 h of grind-
ing. In [21], hydroxyapatite coatings on titanium were obtained after mechanochemical
interaction by the gas-dynamic spraying method. The results of cross-sections of coatings
showed that the formation of HA particles predominantly occurred in the depressions of
the titanium substrate. After spraying, the composition of the HA layer did not undergo
significant changes.

In the scientific literature, there is a limited amount of research discussing the in-
teraction of titanium with hydroxyapatite. For instance, in studies [22–24], it has been
noted that the dehydroxylation process of hydroxyapatite becomes more intensive in the
presence of titanium atoms, facilitating the diffusion of oxygen into metallic titanium and
the formation of titanium oxides. Additionally, calcium and phosphorus ions migrate into
the substrate from titanium, affecting the Ca/P ratio in the apatite. Phosphorus ions exhibit
a higher migration rate due to their smaller radius and lower activation energy. Other
researchers report the presence of calcium, phosphorus, and titanium atoms in certain
areas, but no other phases resulting from the reaction between hydroxyapatite and TiO2
have been detected. The presence of calcium, phosphorus, and titanium atoms indicates
mutual diffusion in the HA/Ti composite [22,25].

Despite the available research, the interaction of components at the interface of metal
(alloy)–hydroxyapatite is hardly studied, although it determines the subsequent physico-
mechanical properties and biocompatibility of the implant with the body tissues. Therefore,
it is necessary to conduct studies of physicochemical processes occurring in relevant
systems, which is highly relevant. Since coatings of metal implants with hydroxyapatite
often delaminate due to the low surface energy of the interface between the ceramic and the
metal, which can lead to surgical failure, this problem can be addressed by manufacturing
a metal/HA composite. Our goal was to obtain a metal/HA composite at the interface.
The aim of the research was to study the processes of interaction between HA and titanium
during heat treatment. Evaluating the influence of these processing methods on the
structure and phase composition of the Ti + HA mixture will contribute to the development
of new surface treatment methods for endoprostheses.
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2. Materials and Methods
2.1. Synthesis of Hydroxyapatite

The hydrolytic synthesis method was employed in the present study to obtain HA
powder. For this purpose, a mixture of dicalcium phosphate dihydrate CaHPO4·2H2O,
DHHCP (Sigma-Aldrich, St. Louis, MA, USA), and calcium carbonate (CaCO3 (Sigma-
Aldrich)) was added to a 500 mL aqueous 10% NaOH solution and vigorously stirred at
75 ◦C for 1 h. The solution stirring was performed using a DLS overhead stirrer (Velp
scientifica, Monza, Italy) operating at a speed of 1000 revolutions per minute. The reaction
was quenched by cooling in an ice bath. Subsequently, the solution was filtered, washed,
and dried at 60 ◦C. Since DCPD and CaCO3 are poorly soluble in water, the hydrolysis
process serves as a rapid means of dissolving the solid phase at elevated pH = 8–9 and
temperatures above 60 ◦C. The obtained precipitate of powder was collected, washed, and
subjected to drying. Fractionation through a sieve set yielded a fraction of 400–600 µm,
which was utilized in subsequent experiments.

2.2. Mechanical Grinding of Hydroxyapatite

The dried powders intended for treatment via MG were placed into the container
of a ball mill along with several balls. The mixture of HA powders of the specified
chemical composition inside a chamber with a volume of 20 cm3, together with steel balls,
was subjected to vibrational motion within a defined frequency range of 60 Hz for the
processed material. The grinding process was conducted for durations ranging from 30 to
120 min. Following the MG process, the preferred powder of HA was selected for further
investigation of its interaction with titanium.

2.3. Sintering of Titanium and Hydroxyapatite Powders

To investigate the interaction between HA and titanium, the mixture of these powders
underwent a process of pressing and sintering. The mixture of HA and titanium powders
was subjected to uniaxial pressing at pressures ranging from 120 to 150 MPa at room
temperature in a metallic die to obtain raw specimens with a diameter of 15 mm and
a height of 4 mm. These specimens were then air-dried for 24 h. A water-based starch
solution was used as a binder, as its addition to the powder mixture in a mass ratio of 5%
practically did not alter the phase composition of the original powder.

Subsequently, the HA-Ti mixture was sintered at temperatures ranging from 600 to
1100 ◦C with an isothermal hold for 1 h at each temperature. To prevent titanium oxidation,
the sintering process was conducted in a protective argon atmosphere.

2.4. Research Methods

The morphology and microstructure of the obtained specimens were analyzed in
transmitted light in an immersion medium under an OLYMPUS microscope BX51 (Olympus
Corporation, Tokyo, Japan) on a scanning electron microscope equipped with an energy-
dispersive X-ray spectroscopy (EDS) attachment (Jeol–JXA8230, Tokyo, Japan), and on an
atomic force microscope (AFM PSIA XE-100, Sungnam, Republic of Korea). Particle sizes
of the powders were determined using ImageJ software (1.53q). X-ray diffraction patterns
were obtained using a D8 Advance diffractometer (Bruker, Ettlingen, Germany) with α–Cu
radiation, with scans performed in the angular range from 4◦ to 90◦. Radiography was
performed with focusing according to the Bragg–Brentano method. The PDF 2 database
was used for phase analysis.

3. Results and Discussion
3.1. Synthesis and Mechanical Grinding of Hydroxyapatite

Figure 1 shows the X-ray diffraction pattern of the HA powder obtained by the
hydrolytic synthesis method prior to mechanical grinding. The results indicate the presence
of the phases Ca5(PO4)3(OH) and CaO in the HA powder. The main phase of the initial
HA is characterized by dominant crystallographic orientations (002), (211), and (300).
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Figure 1. X-ray pattern of hydroxyapatite powder before grinding.

For obtaining high-quality powders, an important factor influencing mechanical
comminution is the grinding time. SEM images of HA powder obtained after 30 and 50 min
are presented in Figure 2. The morphological image in backscattered electrons of HA
powder particles after 30 min of grinding (Figure 2a) demonstrates a uniform distribution
of particles ranging in size from 520 nm to 10 µm. With further increasing grinding time,
the number of particles with small sizes up to 2 ± 1.4 µm increases, and larger particles
up to 35 ± 5 µm become noticeable. However, prolonging the grinding time leads to
contamination of the material with steel elements from the grinding container. This was
determined by EDS analysis. This is due to the fact that during grinding, the container is
also subjected to mechanical stress, which can result in wear and corrosion of its surface.
As a result, steel elements may be released from the container surface and contaminate the
material being ground [26]. Morphologically, in the HA ground for 50 min (Figure 2b), small
agglomerate clusters and, in some areas, individual needle-like structures can be observed.
The morphology of deposited HA can vary from needle-like to granular depending on the
grinding time. Thus, particles acquire smaller sizes due to fragmentation and agglomerate
through mechanical grinding.
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When the phase composition of the powder was studied depending on the grinding
time, it was found that the main phase was HA in all samples (Figure 3). The peaks
corresponding to HA from the crystallographic orientations (002), (211), and (112) were
prominently displayed. The main diffraction lines corresponding to HA shift towards
larger angles with the increase in grinding time, and the interplanar distances decrease,
which apparently indicates the process of dehydration and disorder of the HA structure.
With increasing grinding time, the X-ray diffraction patterns also showed a broadening and
decreasing intensity of the peaks attributed to HA reflection. This indicates a decrease in the
size of the crystallites of the phase under study, and this can be caused by dislocation-type
lattice defects [27]. Additionally, it was observed from the X-ray diffractograms that the
powders remained crystalline. After grinding for a period ranging from 50 to 120 min, no
broadening of peaks or reduction in intensity were observed in the diffractograms.
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An AFM image of the HA powder after grinding for 120 min shows (Figure 4) that the
material consists of numerous spherical aggregates of various sizes, ranging from 10 µm to
200 nanometers, with some being significantly smaller. Each spherical aggregate, in turn,
consists of numerous grains. Surface scanning of the HA indicated that the height of its
particles reached up to 281 nm (Figure 4b).
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In light of the contamination of the HA powder with an increase in the processing
time of MG and the results of the X-ray diffraction patterns, it was proposed to select
HA powder subjected to 30 min of grinding for the subsequent stage—investigating its
interaction with titanium. The optical micrographs in Figure 5 depict the powders in
their original state, showing agglomerated HA particles ranging in size from 2 to 12 µm
(Figure 5a), and titanium particles with irregular shapes, varying in size from 20 to 186 µm
(Figure 5b).
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3.2. Sintering of Titanium and Hydroxyapatite Powders

The interaction between titanium and hydroxyapatite has been studied in the following
works [28,29]. According to the results of these studies, titanium oxidizes due to its
interaction with oxygen in HA. At the interface between HA and Ti, titanium atoms undergo
oxidation to form TiO2, typically on the upper part of the titanium surface, at elevated
temperatures. However, changes in processing parameters can alter the passivation of TiO2
formation. In such cases, titanium atoms from the metallic bulk migrate and interact with
HA, while oxygen atoms penetrate into titanium. As a result of this process, TiO2 is formed
in either an amorphous or crystalline form. The kinetics of titanium oxidation depend on
the rate of oxygen adsorption, which diffuses into the titanium lattice until saturation is
reached, after which oxidation begins. The rate of oxygen diffusion slows down upon the
formation of TiO2 [22,30].

As a result of pressing and sintering at various temperatures, different crystalline
phases are formed in the titanium and HA powder mixtures. As shown in Figure 6a,
after sintering at 600 ◦C, localized large titanium particles and a large number of small HA
particles can be observed. At higher temperatures of 900–1100 ◦C (Figure 6d–f), the quantity
of small HA particles decreases. From around 700 ◦C (Figure 6b), finely pronounced small
cracks begin to appear. The appearance of cracks during the sintering of hydroxyapatite and
titanium powders is attributed to several factors. One of these factors is the decomposition
of HA at high temperatures within the composite material [31]. Pure HA remains stable
up to 1200 ◦C in an argon atmosphere, but when considering sintered HA/Ti, titanium
ions react with hydroxyl groups in HA, forming titanium oxide, thereby accelerating
dehydroxylation and decomposition of HA at approximately 800 ◦C [22].

As shown in the diffraction patterns in Figure 7, the initial HA-Ti mixture exhibits
peaks characteristic of titanium and broad peaks in the range of 31–34◦ corresponding to HA.
After thermal treatment of the HA-Ti system at 700 ◦C, the main peak of Ti shifts towards
smaller angles, which may be attributed to the formation of a solid solution of oxygen
in titanium and titanium suboxide TiO0.325 (characteristic peak at 39.98◦). Additionally,
a weak intensity peak of TiO2 appears around 27◦. At 800 ◦C, there is an increase in the
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intensity of TiO2 diffraction peaks. For the HA-Ti system at temperatures above 800 ◦C,
simultaneous decomposition of HA and oxidation of titanium occur, which completes at
900 ◦C. As a result of the interaction between titanium oxide and decomposition products of
HA, titanium oxide, calcium phosphate compound, and small amounts of calcium titanate
and titanium hydrophosphate are formed.
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4. Conclusions

It was established as a result of this work that the hydrolytic synthesis of hydroxya-
patite produces a powder consisting of Ca5(PO4)(OH) and CaO phases with a fraction
of 400–600 µm. After mechanical grinding, the main phase of the powder consists of
Ca10(PO4)3(OH). Depending on the grinding time, the fractional composition is in the
range from 35 µm to 520 nm. Therefore, an important factor affecting particle size and com-
position is the duration of mechanical grinding. The main final product of the interaction
between HA and Ti mainly consists of two phases—titanium oxide and calcium phosphate
compound. The oxidation of titanium to suboxide at 700 ◦C and its complete oxidation
to TiO2 after 800 ◦C is common to the two composite systems under consideration. As a
result, it is not possible to retain titanium metal as a dispersed reinforcing component of
the composite material during the sintering of the HA–Ti composite mixture.

The presented results in the study on the interaction between hydroxyapatite and
titanium powders could serve as a stimulus for seeking improved materials for implants.
Discussing these results may draw researchers’ attention to the necessity of enhancing
biocomposites based on hydroxyapatite and titanium to improve the efficiency and effec-
tiveness of implant utilization.

Author Contributions: Conceptualization, A.M. and A.P.; methodology, A.K. and B.K.; software,
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