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Abstract

Hydroxyapatite (HA) is widely used in biomedical applications due to its biocompatibility and
chemical similarity to the mineral phase of bone; however, its low mechanical strength limits its
structural use. In this work, HA ceramics with different Mg additions (0, 0.5, 1, 3, 5, and 10% by
weight) were prepared using the powder processing technique. The mixtures were homogenized,
conformed and sintered at 1100°C. The incorporation of Mg produced a general increase in
mechanical properties compared to pure HA. The best mechanical performance was obtained with
the formulation containing 5% Mg by weight, achieving a hardness of 319 HV, a porosity of 12.92%
and a fracture toughness of 4.06 MPa-m®5, comparable to those reported for human cortical bone,
indicating its potential for applications in moderately loaded bone implants. These results suggest
that Mg acts as a reinforcing agent in the ceramic matrix, reducing critical defects, which translates
into increased mechanical strength. The polarization resistance results show that the incorporation
of low fractions by weight of magnesium (1% Mg) optimizes the electrochemical behavior of the
material, while higher increases in its concentration cause a slight deterioration of this property.

Keywords: hydroxiapatite; bioceramics; magnesium; mechanical properties; corrosion

1. Introduction

Hydroxyapatite (HA), Caio(PO4)s(OH), is a biomaterial extensively used in biomedical
applications due to its excellent biocompatibility, bioactivity and close chemical and structural
similarity to the mineral phase of human bone [1-5]. These characteristics enable direct bonding with
bone tissue, making HA a reference material for orthopedic and dental implants, coatings and bone
substitutes. However, the clinical use of pure HA is limited by its low mechanical strength, poor
fracture toughness and inadequate performance under dynamic and cyclic loading conditions, which
restrict its application in load-bearing environments [6]. To overcome these limitations, HA-based
composites rein-forced with bioinert or bioactive metals and ceramics have been widely investigated.
The incorporation of hydroxyapatite into metallic matrices, particularly titanium, has proven
effective in reducing elastic modulus mismatch and improving bioactivity, thereby minimizing stress
shielding. For example, Ti-uHA composites containing 1-3 wt.% hydroxy-apatite exhibited a
reduction in elastic modulus from approximately 130 GPa to ~50 GPa, along with enhanced cellular
response [7]. Similarly, Fe-nHA composites have demos-traded biomineralization capability,
adequate mechanical properties and controllable degradation rates, making them promising
candidates for bone tissue engineering applications [8]. Ceramic and glass-based reinforcements have
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also been employed to improve the mechanical and biological performance of HA. Bioactive glass-
HA composites have shown enhanced mechanical strength while maintaining suitable cellular
biocompatibility [9]. In addition, cerium-doped HA-reinforced glass systems exhibited antibacterial
properties and promoted osteoblast adhesion and proliferation [10]. The incorporation of silica has
further improved the mechanical behavior of HA, with HA-5iO2 composites containing 20-40% SiO2
achieving compressive strengths of approximately 165 MPa and enhanced cell adhesion [11]. Carbon-
based reinforcements, such as carbon nanotubes, have expanded the functionality of HA composites
by increasing hardness, elastic modulus, antimicrobial activity and electrical conductivity, enabling
potential applications in bone stimulation and biomedical sensing [12]. Elemental doping via ionic
substitution within the HA crystal lattice represents another effective strategy for tailoring material
properties. Metals such as titanium, magnesium, zinc and strontium have been incorporated as
dopants or secondary phases to improve both mechanical performance and bio-logical response.
These substitutions modify the physicochemical properties of HA, in-crease solubility and enhance
interactions with bone cells, thereby promoting osteogenesis and implant integration [13,14].
Additionally, ceramic reinforcements including alu-mina, zirconia, p-tricalcium phosphate and
bioglasses contribute to improved hardness, wear resistance and thermal stability, while preserving
bioactivity and enabling con-trolled degradation and bone regeneration [15]. Among the various
dopants, magnesium has attracted considerable attention due to its essential role in bone
mineralization and cellular activity regulation. Partial substitution of calcium with magnesium in HA
has been reported to improve mechanical properties, optimize in vivo resorption behavior, and
stimulate cell proliferation [16]. Furthermore, Mg? incorporation reduces crystallinity, alters
morphology, increases solubility and enhances osseointegration by promoting osteoblast adhesion
and differentiation [17,18]. Magnesium-doped hydroxyapatite has been synthesized using various
methods, including chemical precipitation, co-precipitation, hydrothermal processing, sol-gel
techniques and advanced manufacturing approaches such as spark plasma sintering and three-
dimensional printing [6,19]. These synthesis routes allow control over magnesium incorporation,
microstructure and the resulting physicochemical, mechanical and biological properties. Since the
synthesis method directly influences biocompatibility and in vivo performance, its optimization is
crucial for the development of advanced HA-based biomaterials. In this context, the pre-sent study
aims to systematically evaluate magnesium-doped hydroxyapatite, focusing on the influence of
magnesium content on its structural, mechanical and electrochemical properties, with the objective
of contributing to the design of improved biomaterials for bone regeneration applications.

2. Methodology

The powders used for the preparation of the biomaterials were hydroxyapatite and magnesium
(particle size: 5-10 pum, purity: 99.9%, Sigma-Aldrich). The studied chemical compositions are listed
in Table 1.

Table 1. Composition of different prepared formulations.

Composition Magnesium Hydroxyapatite
(weight %) weight %

HA-0%Mg Mg 0 100

HA-0.5%Mg Mg 0.5 99.5
HA-1%Mg Mg1 99
HA-3%Mg Mg 3 97
HA-5%Mg Mg 5 95
HA-10%Mg Mg 10 90
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The initial hydroxyapatite-magnesium powder mixtures were grinded in a ball mill (Lab Mill-
8000) at 400 rpm for 9 h. Zirconia milling media with a diameter of 3 mm were used. The milling
process was performed under dry conditions, with the addition of 1 mL of isopropyl alcohol as a
process control agent. A powder-to-ball weight ratio of 1:20 was employed. The milled powders were
subsequently compacted into cylindrical pellets by uniaxial pressing using a hardened steel die under
an applied pressure of 200 MPa. The pellets were sintered in an electric furnace (Nabertherm) at
1100 °C with a dwell time of 1 h. The sintering process was conducted under vacuum, using a heating
rate of 10 °C/min. After completion of the thermal cycle, the furnace was switched off and the samples
were allowed to cool naturally inside the furnace. After sintering, the physical characterization of the
composites was performed. The density was determined according to Archimedes’ principle,
following the ASTM B963 standard [20]. Fracture toughness was evaluated using the indentation
fracture method [21], applying the equation proposed by Evans [22]. Microhardness measurements
were carried out in accordance with the ASTM E384-16 standard [23]. For this analysis, twelve
indentations were performed at different locations on each sample, and the reported values
correspond to the average of these measurements. Microhardness tests were conducted using a
microhardness tester (Emco-Test, DuraScan 200). The microstructural characteristics of the
composites were examined by optical microscopy (Olympus) at a magnification of 20X. Prior to
observation, the samples were ground and polished using standard metallographic procedures to
obtain a flat and reflective surface. For the degradation resistance assessment, the samples were
immersed in a physiological solution with an isotonic composition of 0.9% sodium chloride (NaCl)
for 30 min prior to testing in order to ensure surface saturation. Electrochemical measurements were
carried out using a potentiostat-galvanostat (Zahner Zennium) in a conventional three-electrode cell
configuration. The HA-Mg composites served as the working electrodes (WE), an Ag/AgCl electrode
in 3 M NaCl was used as the reference electrode (RE), and a graphite rod acted as the counter
electrode (CE). Electrochemical impedance spectroscopy (EIS) was employed to evaluate the
polarization resistance (Rp), providing insight into the degradation behavior of the samples. The EIS
measurements were per-formed by applying a sinusoidal perturbation of +10 mV over a frequency
range from 100 kHz to 100 mHz. Prior to each measurement, the system was allowed to reach a stable
open-circuit potential. For each composition, two impedance spectra were recorded, and the resulting
Nyquist plots were extrapolated to obtain complete semicircles, from which the corresponding Rp
values were determined.

3. Results
3.1. Density and Porosity

Figure 1 presents the relative density and porosity of the sintered ceramics as a function of
magnesium content. An inverse relationship is observed, with increasing magnesium content leading
to a decrease in relative density and a corresponding increase in porosity, indicating a reduction in
densification during sintering. Although high density is typically associated with improved
mechanical properties, a certain degree of porosity is required for biomedical applications to promote
biointegration. Cortical bone exhibits porosity values of approximately 15% [24], which are slightly
higher than those obtained for ceramics containing 3, 5, and 10% magnesium. This similarity suggests
that the developed ceramics possess porosity levels compatible with bone tissue, potentially favoring
bone ingrowth and reducing stress-shielding effects. Therefore, despite the decrease in relative
density with increasing magnesium content, the resulting porosity particularly at lower magnesium
concentrations is considered suitable for the intended biomedical application.
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Figure 1. Relative density and porosity values obtained for each sintered ceramic. CB — cortical bone [24].

3.2. Microstructure

Figure 2 shows the microstructures of the hydroxyapatite-magnesium ceramics observed by
optical microscopy at 20X magnification. The pure hydroxyapatite sample (Figure 2a) exhibits a
homogeneous ceramic matrix, consistent with its higher relative density and lower porosity reported
in Figure 1. Upon the addition of 0.5 wt% Mg (Figure 2b), the metallic phase appears as fine, bright
particles uniformly dispersed within the hydroxyapatite matrix, which correlates with the slight
decrease in relative density and the moderate increase in porosity observed at this magnesium
content. For samples containing 1, 3, and 5 wt% Mg (Figures 2c-e), a generally homogeneous
microstructure is still observed; however, the magnesium-rich particles become fewer in number and
larger in size compared to the 0.5 wt% Mg sample. This particle coarsening and partial agglomeration
are consistent with the progressive reduction in densification and the corresponding increase in
porosity reported in Figure 1, suggesting that higher magnesium contents increasingly hinder mass
transport during sintering. In contrast, the sample containing 10 wt% Mg (Figure 2f) exhibits larger
and irregular bright regions, indicative of magnesium-rich segregation zones. This microstructural
heterogeneity agrees with the lowest relative density and highest porosity values measured for this
composition, confirming that excessive magnesium content promotes non-uniform densification and
pore retention. No significant porosity is directly observed in the optical micrographs, indicating that
the pores are likely below the resolution limit of optical microscopy. Nevertheless, the porosity
quantified in Figure 1 is likely associated with fine and uniformly distributed pores within the
ceramic matrix. Additionally, based on the scale reference and the absence of clearly defined grain
boundaries, the average grain size is inferred to be below 1 um, which may also contribute to the
observed densification behavior.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Microstructures of the different Hydroxyapatite-Magnesium ceramics obtained by optical microscopy
at 20X magnification. a) HA-0%Mg b) HA-0.5%Mg c) HA-1%Mg d) HA-3%Mg e) HA-5%Mg f) HA-10%Mg.

3.3. Microhardness and Fracture Toughness

Figure 3 shows the microhardness values of the hydroxyapatite-magnesium ceramics. A
progressive decrease in microhardness is observed with increasing magnesium content, which is
consistent with the reduction in relative density and the increase in porosity reported in Figure 1, as
well as with the microstructural changes observed in Figure 2. At low magnesium contents (0.5-1
wt%), microhardness values decrease significantly, approaching those of cortical bone. This behavior
can be attributed to the homogeneous dispersion of magnesium-rich particles and the moderate
porosity developed at these compositions, which may improve mechanical compatibility with
natural bone. In contrast, higher magnesium contents (=3 wt%) result in a pronounced reduction in
microhardness, correlating with increased porosity and microstructural heterogeneity. For reference,
the microhardness value reported in the literature for pure hydroxyapatite is included in figure 3 and
is significantly higher than those measured in the ceramics developed in this study, highlighting the
effect of magnesium addition on tailoring the mechanical response.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Microhardness and fracture toughness values obtained for each sintered ceramic. CB - cortical bone
[25], HA [3].

Figure 3 also presents the fracture toughness of hydroxyapatite with different magnesium
contents, together with reference values for cortical bone and pure HA. An increase in fracture
toughness is observed with increasing magnesium content up to 5 wt% Mg, followed by a decrease
at 10 wt% Mg. Despite this reduction, the toughness at 10 wt% Mg remains higher than that of pure
HA and low-magnesium compositions. This behavior indicates the existence of an optimal
magnesium content, in the range of 3-5 wt%, for enhancing fracture resistance. The improvement in
fracture toughness at intermediate magnesium contents is consistent with the microstructural
features discussed in Figure 2 and the densification behavior reported in Figure 1. The homogeneous
dispersion of magnesium-rich particles and the moderate porosity observed up to 5 wt% Mg may
promote energy dissipation mechanisms, such as crack deflection and microcrack formation, thereby
enhancing toughness. In contrast, the decrease in toughness at 10 wt% Mg correlates with increased
porosity and microstructural heterogeneity, including magnesium-rich segregation zones, which
may act as preferential crack initiation sites. When these results are considered together with the
microhardness data, an inverse trend between hardness and toughness is observed. While increasing
magnesium content reduces microhardness due to lower relative density and possible formation of
less rigid phases, it simultaneously enhances fracture toughness by promoting more damage-tolerant
microstructures. Cortical bone exhibits a similar combination of moderate hardness and relatively
high toughness. In this regard, ceramics containing 3-5 wt% Mg show mechanical properties closest
to those of cortical bone, achieving a compromise between hardness reduction and toughness
enhancement. These results indicate that magnesium acts as an effective reinforcing and toughening
agent in hydroxyapatite. A magnesium content of approximately 3-5 wt% appears to be optimal for
biomedical applications requiring mechanical compatibility with bone and enhanced fracture
resistance.

3.4. Electrochemical Impedance Spectroscopy

Figure 4 presents the Nyquist plots obtained for the HA-Mg composites and bovine bone
immersed in a physiological solution of 0.9% NaCl. In all cases, the impedance spectra exhibit

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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depressed and incomplete semicircles, which were extrapolated to determine their intersection with
the real impedance axis (Z_real). The diameter of each semicircle corresponds to the polarization
resistance (Rp), whose values are summarized in Figure 5. The impedance response does not show a
linear dependence on magnesium content. The sample containing 1 wt% Mg exhibits the highest
impedance and, consequently, the highest Rp value, indicating superior corrosion resistance among
the studied compositions. Samples with 3 and 5 wt% Mg also present relatively high impedance
values, although lower than those observed for 1 wt% Mg. In contrast, pure hydroxyapatite and
bovine bone show the lowest impedance values, suggesting lower resistance to ionic transport and a
higher susceptibility to degradation under physiological conditions. The samples containing 0.5 and
10 wt% Mg exhibit intermediate behavior. This non-monotonic trend is consistent with the
microstructural and porosity results discussed in Figures 1 and 2. At low to intermediate magnesium
contents, particularly around 1 wt%, the homogeneous dispersion of magnesium-rich phases and the
moderate porosity may favor the formation of a more stable and protective surface layer, limiting
ionic penetration and improving corrosion resistance. Conversely, higher magnesium contents, such
as 10 wt%, are associated with increased porosity and microstructural heterogeneity, including
segregation zones, which may act as preferential pathways for electrolyte infiltration and reduce the
overall polarization resistance.

When considered alongside the mechanical results, these electrochemical findings further
highlight the role of magnesium as a multifunctional modifier of hydroxyapatite. While intermediate
magnesium contents (3-5 wt%) optimize fracture toughness and mechanical similarity to cortical
bone, lower magnesium additions (~1 wt%) provide superior electrochemical stability. This indicates
that the optimal magnesium content depends on the targeted balance between mechanical
performance and corrosion resistance. From all these it is possible to conclude that the
electrochemical behavior of the HA-Mg composites is strongly governed by their microstructural
characteristics and porosity, reinforcing the conclusion that controlled magnesium addition is an
effective strategy to tailor both the mechanical and degradation behavior of hydroxyapatite-based
biomaterials.
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Figure 4. impedances of hydroxyapatite (HA) samples with different magnesium contents. BB - bovine bone.
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Figure 5 shows the variation in polarization resistance (Rp) of hydroxyapatite with different
magnesium contents, together with bovine bone. A significant increase in Rp is observed at low
magnesium contents, with the HA-1 wt% Mg sample exhibiting the highest value (551 kQ-cm?),
exceeding pure HA (443 kQ2-cm?) and bovine bone (274 kQ2-cm?). This improvement is consistent with
the impedance results (Figure 4) and correlates with the homogeneous microstructure and moderate
porosity observed at low magnesium contents (figures 1 and 2). In contrast, magnesium contents
above 3 wt% result in a marked decrease in Rp, reaching 182 kQ)-cm? at 3 wt% Mg and 73 kQ-cm? at
10 wt% Mg. This deterioration agrees with the increased porosity, reduced relative density, and
microstructural heterogeneity reported at higher magnesium levels, which may facilitate electrolyte
penetration and corrosion. When considered alongside the mechanical results, these findings reveal
a trade-off between electrochemical stability and mechanical performance. While intermediate
magnesium contents (3-5 wt%) enhance fracture toughness and mechanical similarity to cortical
bone, low magnesium addition (~1 wt%) provides superior corrosion resistance. Therefore, it can be
remarked that magnesium content is a key parameter for adapting the functional behavior of HA-
based ceramics for biomedical applications.

Polarization resistance

0 | L I'.'L L i '. I'.-_:-_ E I'.-'._ L I'.-‘._'. L |
R T T L
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Figure 5. Polarization resistance (Rp) of hydroxyapatite (HA) samples with different magnesium contents. BB —

bovine bone?.

5. Conclusions

o The controlled incorporation of magnesium into hydroxyapatite by powder-processing
techniques effectively tailored the microstructural, mechanical, and electrochemical properties
of the ceramics. Magnesium addition influenced densification and porosity, producing
homogeneous microstructures at low to intermediate contents, which directly impacted the
functional performance of the materials.

o From a mechanical perspective, magnesium contents of 3-5 wt% provided a favorable balance
between reduced microhardness and enhanced fracture toughness, resulting in properties close
to those of cortical bone. In contrast, higher magnesium contents promoted microstructural
heterogeneity and increased porosity, negatively affecting mechanical performance.

o  Electrochemical results showed that low magnesium incorporation significantly im-proved
corrosion resistance. The HA-1 wt% Mg composition exhibited the highest polar-ization

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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resistance (551 kQ)-cm?), exceeding that of pure hydroxyapatite and bovine bone, while higher
magnesium contents led to reduced electrochemical stability.

o Overall, these findings demonstrate that controlled magnesium doping enables the optimization
of both mechanical and electrochemical behavior in hydroxyapatite-based ceramics, supporting
their potential use as biomaterials for medical applications.
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Abbreviations

The following abbreviations are used in this manuscript:

HA Hydroxyapatite

CB Cortical bone

BB Bovine bone

HV Hardness Vickers

SPS Spark plasma sintering

CE Counter electrode

EIS Electrochemical impedance spectroscopy
Rp Polarization resistance

wt Weight
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