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Article info Abstract

Coral hydroxyapatite (CHA) is a calcium phosphate that has a similar inorganic
composition to human bone and the porous structure of coral stone. Due to
its interconnected network like pore structure, it can serve as a framework for
bone conduction. In this study, CHA films and Mg-CHA films were deposited on
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28 April 2024 titanium and silicon substrates by Pulsed laser deposition, and then the films
were heat treated respectively. Studies on the adhesion of the coating showed
Accepted: that the heat-treated Mg-CHA film adhered better to the titanium substrate. The

11 June 2024 experimental study on biomineralization in vitro showed that a small amount of

porous structure appeared in the heat-treated Mg-CHA after immersion in SBF for
three days, and the porous structure was visible after immersion for seven days.
After 14 days, a new apatite layer formed on the surface. This suggested that
magnesium undergoes chemical corrosion in SBF, leading to rapid ion exchange,
which results in the formation of porous structures and promotes the development
of an apatite-like layer. In summary, the heat-treated Mg-CHA films had superior
biomineralization properties.
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its high corrosion resistance and biocompatibility.
However, a major drawback of titanium-based im-

1. Introduction

Bone defects resulting from trauma, inflamma-
tion, and tumors are common and complex issues
in orthopedic clinical treatment [1]. Self-healing
has limitations when it comes to the repair of larger
bone defects, which poses a challenge in achieving
satisfactory bone regeneration in such cases [2, 3].
Surgical treatment is commonly employed for the
reconstruction of bone defects, including regen-
erative methods involving membrane techniques
and implantation of bone graft substitutes [4]. Ti-
tanium-based implants are widely used in orthope-
dics for bone reconstruction. Titanium is known for
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plants is their low osteointegration ability. One tech-
nological approach to enhance the osteointegration
capability of metallic implants is the application of
coatings on their surface that stimulate bone tissue
growth [5]. Calcium phosphates exhibit excellent
biocompatibility, meaning they are generally not
rejected by the human body. This is because calci-
um phosphates naturally exist in both dissolved and
solid forms within the body. Calcium phosphates are
used as bone substitutes in orthopedics for treating
bone defects [6].

Coral hydroxyapatite (CHA) has been proposed
as the target material for deposition. It is derived
from the skeleton of marine coral and has a chemi-
cal composition similar to human bone tissue [7, 8].
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The presence of trace elements, such as magnesium
and strontium, in coral hydroxyapatite exerts a stim-
ulating effect on bone growth. These trace elements
play a significant role in the absorbability and calci-
fication process of CHA [9]. Compared to common
hydroxyapatite, it has lower mechanical stability,
specific surface area, wear resistance, and fracture
toughness [10], but coral hydroxyapatite has an ef-
fectively homogeneous density and three-dimen-
sional pore structure, while maintaining better sup-
port capacity and trabecular structure. This means
that coral hydroxyapatite can not only be used as a
bone defect repair material but can also function as
an additional drug-releasing agent during the treat-
ment process [11]. Overall, coral hydroxyapatite has
potential as an artificial bone material in the field
of bone defect repair, providing a viable option for
bone reconstruction [12, 13].

In general, coatings deposited using vacuum
methods do not possess the developed structure re-
quired for rapid nucleation and growth of bone tis-
sue. To achieve a porous structure, the addition of
magnesium to the target composition has been pro-
posed. On one hand, magnesium is the fourth most
abundant element naturally presentin human bones
and one of the essential ions in the body [14, 15].
Magnesium possesses good biocompatibility and
osteogenic activity. It also promotes the adhesion
of osteoblasts and the growth and formation of the
bone matrix during the development of bone tissue
[16, 17]. When the body is deficient in magnesium,
it can lead to bone damage, making osteoblasts and
osteoclasts less active, which increases the risk of
developing osteoporosis [18, 19]. According to rel-
evant research reports, magnesium is usually one of
the doping reagents for calcium phosphate bioma-
terials [20, 21]. The addition of magnesium ions to
bone implant materials can effectively promote the
formation of new bone and significantly influence
the crystallization and biodegradation of mineral
substances [22, 23]. According to reports, magne-
sium-containing calcium phosphate materials are
effective components for enhancing the biocompat-
ibility of hydroxyapatite (HA) coatings. On the other
hand, the rapid corrosion of magnesium in a physi-
ological environment can lead to the formation of a
porous structure in the coating, thereby enhancing
the effectiveness of the coating in bone defect res-
toration [24, 25].

Currently, coatings based on hydroxyapatite (HA)
are widely used for this purpose. There are numer-
ous technological methods available for applying HA
coatings, with the plasma spray method being the

most popular and in demand. This method allows for
the deposition of thick coatings. However, a draw-
back of this method is the high-temperature expo-
sure during the coating application on the implant
surface and the high level of internal stresses in
the coating. The temperature exposure can lead to
changes in the mechanical properties of the implant,
which is not desirable [26, 27]. High internal stresses
can cause cracking and delamination of the coating
from the implant when exposed to liquid biological
environments. There is another approach to implant
modification where it is not necessary to apply thick
layers to initiate osseointegration. According to this
approach, the coating should promote nucleation
and growth of bone tissue in the biological environ-
ment. This principle is the basis for the use of bioac-
tive glasses, where the key requirement is the pres-
ence of a developed surface [28, 29]. In this study,
the pulsed laser deposition (PLD) method was pro-
posed for coating deposition. The main advantage of
this method is the absence of temperature impact
on the implant during the deposition process. Films
obtained using PLD exhibit excellent mechanical
properties such as adhesion and hardness.

This study is the first to use natural coral bone, a
novel approach highlights in this paper, combining it
with magnesium powder to prepare Mg-CHA coat-
ings by Pulsed Laser Deposition (PLD). The morphol-
ogy, structure and biological properties of the films
are determined and the effectiveness of these coat-
ings in promoting bone tissue growth is evaluated.

2. Materials and methods
2.1 Material

Magnesium powder (Mg) with a particle size of
75-150 um was purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Shanghai, China). Coral Hy-
droxyapatite [Ca;o(PO,)s(OH),, CHA] with a particle
size of 0.25-1.0 mm was purchased from the Tooth-
ease online medical device franchise store (Sichuan,
China). Silicon chip was purchased from Suzhou Jing-
si Electronic Technology Co., Ltd (Suzhou, China).
Titanium foil was purchased from Wuxi Thousand
Hammer Metal Products Co., Ltd. (Jiangsu, China).
Modified-simulated body fluid was purchased from
Phygene Biotechnology Co., Ltd (Fujian, China).

2.2 Preparation of the target
Pure CHA target disks were prepared by weigh-

ing coral hydroxyapatite and subjected to 10 MPa
uniaxial pressing without using any calcination or
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sintering processes; Weighing coral hydroxyapa-
tite and magnesium powder (weight ratio = 1:1),
the raw materials were poured into a mortar and
ground until fully mixed, and then pressed to form a
multi-component Mg-CHA target disk. Using pulsed
laser deposition (PLD), a plasma plume was formed
by laser ablation of the target, and the materials
were finally deposited on titanium wafer substrates
and silicon wafer substrates to form CHA coatings as
well as Mg-CHA coatings.

2.3 Pulsed laser deposition

Two different substrates for titanium and silicon
wafers were cut into 20 x 20 mm as substrates and
cleaned in an ultrasonic cleaner with ultrapure wa-
ter and anhydrous ethanol for 15 min and repeated
3 times, respectively. After washing, the substrate
was dried in a vacuum oven at 80 °C for 4 hours. A
Nd: YAG solid-state laser with a laser wavelength of
1064 nm, pulse duration, and repetition frequency
of 18 ns and 10 Hz, respectively, was selected for
coating preparation. After the targets and substrates
were fixed, the chamber was evacuated and the
pressure was maintained at ~6 x 10* Pa. During the
deposition process, the pressure was controlled at
~2 x 103 Pa, and the target was rotated at 25 r/min
to avoid the target being pierced by the laser, during
the application process, the thickness of the coating
was directly monitored using a quartz crystal micro-
balance (QCM), and the thickness is approximate-
ly 150 nm. By this method, CHA films and Mg-CHA
films were deposited on the substrates of silicon and
titanium wafers. In addition, part of the films were
placed in a tubular furnace for heat treatment and
protected by argon. The temperature was raised
from room temperature at a heating rate of 5 °C/
min and kept for 3 h after reaching 500 °C, and then
followed by natural cooling to room temperature.

2.4 Material characterization
2.4.1 Physicochemical characterization

The surface morphology of the film was analyzed
using scanning electron microscopy (SEM; FEI Quan-
ta 250FEG) equipped with energy-dispersive X-ray
spectroscopy (EDAX, USA). The crystalline structure
of the deposited film was characterized by X-ray dif-
fraction (XRD, Bruker D8 ADVANCE). The elemental
composition and chemical bonding of the surface
film were obtained by X-ray photoelectron spectros-
copy (XPS, PHI Quantera Il) with Al Ka mono-chrome
X-rays (hv = 1486.6 eV) source. The 3D topography

and square roughness (Rq) of the film were obtained
by atomic force microscopy (AFM, Bruker Dimension
Icon). The adhesion of the film was measured by the
scratch meter (Lanzhou Zhongke Kaihua Technolo-
gy Development Company WS-2005). The scratch
method was used to evaluate the bonding strength
between the film and the substrate, while the tough-
ness of the film was qualitatively rated using crack
propagation resistances (CPRs). CPRs are calculated
by the formula CPRs = Lc; x (Lc, - Lc;). Among them,
Lcis the load intensity (membrane substrate bonding
force) when the film and substrate just detach, Lc, is
the maximum load when the film detaches from the
substrate, and Lc; is the initial load when the film
first cracks. The pressure of the indenter gradually
increases from 0 to 20 N, and a long strip-like scratch
appears, from thin to wide, with a scratch length of
4mm, in line with the change in load.

2.4.2 In vitro analysis in SBF

The films were immersed in SBF to evaluate the
biomineralization behavior of the samples. The films
were punched into 0.5 mm diameter discs with a
hole puncher and soaked in SBF at 37 °C for 3, 7, 9,
and 14 days, after which the samples were removed
and the film surfaces were rinsed with ultrapure
water and then placed in a vacuum drying oven at
80 °C for 24 hours. Concentration detection of Ca*
and Mg?" in SBF before and after immersion was per-
formed using inductively coupled plasma mass spec-
trometry (ICP-MS, ThermoFisher | CAPQ). The sur-
face morphology and elemental composition of the
samples were analyzed by SEM, EDS, XPS, and XRD.

3. Results and discussion
3.1 Morphology and structure of coatings

Figure 1 shows the SEM and AFM morphology of
CHA (a) and Mg-CHA (c) films as well as heat-treat-
ed CHA (b) and heat-treated Mg-CHA (d) films. From
the SEM image, it can be seen that the surface mor-
phology of the films before and after heat treatment
did not show a significant difference. The scratch
lines in the image are caused by the titanium sub-
strate, rather than the morphology of the deposit-
ed film [30]. The Rq values of CHA film, heat-treated
CHA film, Mg-CHA film, and heat-treated Mg-CHA
filmare 1.46 nm, 12.4 nm, 42.4 nm, and 20.0 nm, re-
spectively. The significant increase in Rq value after
magnesium doping may be due to the presence of
fine grains of magnesium on the surface of the film.
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Fig. 1. SEM and AFM morphology of CHA and Mg-CHA films before and after heat treatment: (a) CHA film;
(b) heat-treated CHA film; (c) Mg-CHA film; (d) heat-treated Mg-CHA film.

Heat treatment affects the grain size, which in turn
decreases the Rq value of heat-treated Mg-CHA.
Figure 2a shows the XRD pattern of the CHA pow-
der, which is consistent with the standard card of
hydroxyapatite (HA) (JCDS# 09-0432). Figures 2b and
2c show that the characteristic diffraction peaks at
16.86°, 25.88°, 34.08°, and 35.49° of the CHA films
before and after heat treatment correspond to HA
(JCDS# 09-0432). The diffraction peaks at 40.10°,
and 62.71° correspond to Ti (JCDS# 65-6231). This
can indicate that the CHA films before and after heat
treatment did not affect the peak positions as well
as the crystalline shape changes. The CHA films can

cover the titanium sheet substrate to the extent that
the peaks of the substrate are weak. Figures 2d and
2e show that a broad diffraction peak formed before
15°~35° corresponds to amorphous calcium phos-
phate (ACP). The diffraction peaks at 38.18°, 40.10°,
52.94°, and 62.71° correspond to the characteristic
diffraction peaks of Ti (JCDS# 65-6231). As can be
seen from the figure, the diffraction peaks of the
other phases are significantly weakened because the
diffraction peaks of the Ti substrate are too strong.
Figure 3 shows the XPS high-resolution spec-
trum of CHA (a) and Mg-CHA (c) films as well as
heat-treated CHA (b) and heat-treated Mg-CHA (d)
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Fig. 2. XRD patterns of CHA and Mg-CHA films before and after heat treatment: (a) CHA power; (b) CHA film;
(c) heat-treated CHA film; (d) Mg-CHA film; (e) heat-treated Mg-CHA film.
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Fig. 3. XPS high-resolution mapping of Ca2p, P2p, and Mg2p in CHA and Mg-CHA films before and after heat treat-
ment: (a) CHA film; (b) heat-treated CHA film; (c) Mg-CHA film; (d) heat-treated Mg-CHA film.

films. The Ca2p of the CHA film before and after heat
treatment was simulated to form three characteris-
tic peaks, namely 351 eV corresponding to Ca2p in
CaCO0,, 350 eV, and 347 eV corresponding to Ca2p in
HA [Cas(PO,)sOH]. The Ca2p of Mg-CHA film before
and after heat treatment corresponds to CaCO,, 351
eV corresponding to Ca,(PO,), at 354 eV and 352 eV,
where the heat-treated Mg-CHA films shows Ca2p of
CaO at 349 eV.

In addition, the P2p of the sample is fitted for
analysis. At 134 eV, (PO,)* corresponds to Cas(PO,),,
the binding energy at 133 eV corresponds to (PO,)*
in HA, while at 132 eV, it belongs to other phos-

phates. The Mg-CHA after heat treatment is mainly
synthesized into two peaks, namely Mg,;(PO,), at 135
eV and (PO,)* corresponding to Ca;(PO,), at 134 eV.

The high-resolution spectrum of Mg2p is fitted
and analyzed, corresponding to Mg,CO; at 52.3 eV,
Mg(OH), at 51.3 eV, and Mg,(PO,), at 51.6 eV. For
the Mg2p peak, it can be inferred that the peak at
higher BE is related to oxygen such as MgCO; or
magnesium peroxide, where Mg exists in the form
of (*) [31]. Due to the heat treatment of the Mg-
CHA film, the peak value related to MgO shifts to a
lower BE (50.2~50.0 eV), so it corresponds to MgO
at 50.5 eV [32].

Eurasian Chemico-Technological Journal 26 (2024) 93-103
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The chemical composition of the deposited CHA
coatings corresponds to the chemical composition of
the original compound. Thermal treatment does not
have anoticeableimpactonthe structure of the depos-
ited coating. Thermal treatment promotes the oxida-
tion of magnesium, resulting in the formation of MgO.

3.2 Adhesion of coatings

Figure 4 shows the scratch patterns of four thin
film samples, a, b, ¢, and d. Changes in scratch mor-
phology during indenter movement: i) Shallow in-
dentations begin to appear and the film begins to
deform; ii) Minor cracks are found, the width of the
indentation gradually increases, and a small amount
of groove marks appeared; iii) The crack continues
to expand, and the fracture deformation texture on
both sides of the groove is significantly deepened,
with fish scale-like peeling marks appearing; iiii) The
load gradually increases to the maximum load, and
large-scale film peeling occurs, resulting in complete
failure of the film.

Compared with Lc in Table 1, it can be found
that the overall bonding strength of the heat-treat-
ed films (c, d) is greater than that of the untreated
films (a, b). This is because the heat treatment is
conducive to the secondary growth of film grains,
allowing the film to completely cover the substrate
surface, thereby improving the strength of the
bonding force.

Figure 5 shows the XPS etching analysis of four
kinds of films. The results show that a stable chem-
ical bond CaTiO; is formed between the heat-treat-
ed film and the titanium substrate, and CaTiO; is
found when heat-treated Mg-CHA is etched down
a third time, which improves the overall bonding

strength of the film, so the overall film substrate
bonding force is also better. By comparing CPRs, it
was found that Mg-CHA has better toughness than
CHA. Overall, the mechanical properties reflected
by the scratch method of Mg-CHA film are better
than those of CHA film. Doping Mg can significant-
ly improve the overall mechanical properties of
the film, and the bonding strength after heat treat-
ment is improved. This result is consistent with the
scratch method.

Table 1. Loads of four film samples Lc,, Lc, Lc, with CPRs
(a) CHA film, (b) Mg-CHA film, (c) heat-treated CHA film,
(d) heat-treated Mg-CHA film

Loads of four film samples Lc,, Lc, Lc, with CPRs

Sample Lc,/N Lc/N Lc,/N CPRs
number

a 1 12.4 171 16.1
b 11 12.9 17.3 17.8
o 1 131 16.7 15.7
d 11 13.27 16.4 16.8

3.3 In vitro biomineralization of coatings

Figure 6 shows the SEM morphology of Mg-CHA
thin films soaked in SBF for 0, 3, 7, and 14 days af-
ter heat treatment. In Fig. 6a, the surface is pitted
and the basal scar line is more pronounced. After
3 days of immersion, a small number of pore-like
structures can be seen emerging in Fig. 6b, and cor-
al bone-like structures can be seen. The pores are
approximately 300-500 nm in size and are distrib-
uted over a relatively small area. Figure 6 ¢ shows
the image after soaking for 7 days, completely pre-
senting a pore-like structure, and the contour of the

Fig. 4. Scratch diagrams of four film samples. (a) CHA film, (b) Mg-CHA film, (c) heat-treated CHA film, (d) heat-

treated Mg-CHA film.
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Fig. 5. Ti2p etching spectra of four films XPS. (a) CHA film, (b) Mg-CHA film, (c) heat-treated CHA film, (d) heat-treated

Mg-CHA film.

micropores becomes clearer. The pore diameters
are approximately 0.8 to 1 um, and the film sur-
face exhibits extensive pore formation. In Fig. 6d,
it can be seen that after soaking for 14 days, the
pore-like structure completely disappears and the
surface is almost completely covered by new sedi-
ment [33]. Therefore, it can be found that Mg in the
heat-treated Mg-CHA film undergoes ion exchange
in the SBF, and the dissolution plays a dominant role
in the initial stage of immersion, forming a porous
structure. In the later stage, ions reprecipitate from
the solution to the surface of the film, resulting in
the formation of a new apatite layer, completely
covering the porous structure of the heat-treated
Mg-CHA film. Compared with the Mg-HA film stud-
ied in the previous research of our research group
[34], the Mg-CHA film shows significant advantages
in Table 2. After 7 days of immersion, the surface of
the Mg-HA film exhibits a porous structure, while
the Mg-CHA film has a significantly higher pore for-

mation rate than Mg-HA. This may be attributed to
the presence of more trace elements in CHA, which
accelerates the pore formation rate [17, 34].

Figure 7 shows the EDX images of the Mg-CHA
film soaked in SBF for 0, 3, 7, and 14 days after heat
treatment. EDS images indicate that the surface of
the heat-treated film contains Ca, Mg, O, C, and P
elements. With the change of immersion days, sig-
nificant changes are also observed in the elements
on the surface of the film. The content of Ca* and
Mg?* gradually decreases from 0 to 7 days, indicating
that Ca?* and Mg* in the film migrate to SBF, form-
ing porous structures. Therefore, doping Mg plays a
crucial role in pore formation. It can be inferred that
soaking a single CHA film in SBF for ion exchange is
not sufficient to form porous structures. The con-
tent of Ca? increases in 7-14 days, which may be
due to the formation of a new apatite layer covering
the surface. This corresponds to SEM images.

Table 2. Comparison of pore size of Mg-CHA with related studies

Days of immersion/sample 1 day 3 days 7 days
Pore size CHA - - -
Mg-HA - - 300-500 nm
Mg-CHA 100-200 nm 300-500 nm 0.8-1 um

Eurasian Chemico-Technological Journal 26 (2024) 93-103
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Fig. 6. SEM morphology of heat-treated Mg-CHA films after immersion in SBF: (a) 0 days; (b) 3 days; (c) 7 days; (d) 14

days.

Fig. 7. EDX images of heat-treated Mg-CHA films immersed in SBF: (a) 0 days; (b) 3 days; (c) 7 days; (d) 14 days.

Figure 8 shows the XRD patterns of Mg-CHA
films soaked in SBF at different times. From Fig. 8a,
the diffraction peaks at 38.15°, 40.10°, 52.94°, and
70.48° correspond to Ti (JCDS#65-6231). After heat
treatment, no crystallization peaks were observed in
the Mg-CHA film except for the titanium substrate,
indicating that it is an amorphous or extremely fine-
grain structure [35]. From Fig. 8b, the strong dif-
fraction peaks at 16.86° and 31.74° correspond to

HA (JCDS# 09-0432), 26 of 22.49° and 13.79° corre-
spond to Mg;(PO,), (JCDS # 35-0134) and Ca;(P0O,),
(JCDS # 89-4405), respectively. From Fig. 8c, a new
HA diffraction peak appears at 26 = 45.90° and the
intensity of the diffraction peak at the previous po-
sition is stronger, indicating that small crystals are
easier to dissolve in the physiological environment,
but can also induce the formation of a new apatite
layer at the early stage. By increasing the level of

Eurasian Chemico-Technological Journal 26 (2024) 93-103
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Fig. 8. The XRD of heat-treated Mg-CHA films immersed in SBF: (a) O days; (b) 3 days; (c) 7 days; (d) 14 days.

crystallinity, a stable coating should be produced.
Therefore, it can be inferred that the Mg-CHA film
prepared by PLD exhibits high induced activity in
SBF, transforming into the HA phase. Annealing af-
ter deposition has been proven to be an effective
method for converting the deposited amorphous
coating into a crystalline phase [36].

Figure 9 shows the high-resolution XPS spectra
of Mg2p and Ca2p before and after soaking in the
heat-treated Mg-CHA film. Before immersion, the
binding energy of Mg2p and Ca2p can be detected
in the film. Ca2p appears in the form of CaCO; and

Cas(PO,)sOH, and CaO appears with the deepening
of etching; Among them, magnesium exists in the
form of MgCO; on the surface. When etching fur-
ther, it is found that magnesium exists in the form of
a simple substance, and the corresponding binding

energy is 49.2 eV.

Figure 10 shows that no binding energy of Mg 2p
was detected after 7 days of immersion, indicating
that magnesium ions in the film were released rap-
idly, thus forming a porous structure, which is con-
sistent with the SEM results.
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Fig. 9. High-resolution spectra of XPS of Mg2p and Ca2p of heat-treated Mg-CHA films before immersion.
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Fig. 10. High-resolution spectra of XPS of Mg2p and Ca2p of heat-treated Mg-CHA films immersed for 7 days.
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Fig. 11. ICP-MS plots of films immersed in SBF for 0, 3, 7, 9, and 14 days: (a) Four films before heat treatment;

(b) Four films after heat treatment.

Figure 11 shows the ICP-MS image of the thin
film soaked in SBF at different times. After soaking
the film in SBF for different times, the change in
Mg?*/Ca?* content in SBF is detected by ICP-MS to
evaluate the release behavior of Mg?*/Ca?" in the
film. The results are represented in [ppb], as shown
in the Fig. 11. Firstly, the concentrations of Mg?*
and Ca? in the original SBF are 54.83 ppb and 14.49
ppb, respectively. As the soaking time increases,
the concentrations of Mg? and Ca?* show an up-
ward trend, with the Mg?* concentration increasing
more significantly. After heat treatment, the Mg-
CHA film was soaked in SBF for 3 days, 7 days, and
14 days, with Mg* concentrations of 70.03 ppb,
69.48 ppb, 73.58 ppb, and 68.48 ppb, respectively.
lon exchange occurs at the interface between the
SBF solution and the film, where ions from the film
migrate to the solution leading to dissolution of the
film, and ions from the solution then precipitate
onto the surface of the film leading to the forma-
tion of an apatite layer. The dissolution and repre-
cipitation reactions occur simultaneously, but one
of the two processes dominates at different times
[37]. From the graph, it can be observed that the
Mg-CHA film after heat treatment is dominated by
dissolution in the first seven days, and reprecipi-
tation in the 7-14 days, which corresponds to the
SEM image of mineralization.

4. Conclusion
This paper analyses the effect on coating proper-

ties before and after heat treatment and draws the
following conclusions:

1) The chemical composition of the deposited
CHA films is consistent with the chemical composi-
tion of the original compound. Thermal treatment
does not have a noticeable impact on the structure
of the deposited films. Thermal treatment facilitates
the oxidation of magnesium, leading to the forma-
tion of magnesium oxide (MgO). Additionally, heat
treatment can promote the transformation of the
amorphous structure of hydroxyapatite into a crys-
talline structure.

2) The effect of heat treatment is reflected in the
enhanced interaction between the film and the tita-
nium substrate, leading to increased adhesion. This
increase in adhesion is attributed to the chemical in-
teraction between the film and titanium. The role of
magnesium is manifested in the increased strength
of the CHA layer.

3) The presence of magnesium in the film can
lead to rapid corrosion of the metal when it is im-
mersed in a solution for an extended period. As a
result of this process, a porous structure is formed.
This porous structure facilitates intensive exchange
reactions and the formation of a layer of hydroxyap-
atite. The structural rearrangement during the heat
treatment process promotes the rapid corrosion of
magnesium.
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