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Abstract

Hydroxyapatite (HA) is widely used in biomedical applications due to its biocompatibil-
ity 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 intermediate Mg concentrations produced an increase in fracture toughness compared
to pure HA. The best mechanical performance was obtained with the formulation con-
taining 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. The
findings indicate that magnesium functions as a reinforcing component in the ceramic
matrix, mitigating critical defects and thereby contributing to the improved toughness of
Mg-containing hydroxyapatite ceramics. The polarization resistance results show that the
incorporation of low fractions by weight of magnesium (1% Mg) adjusts the electrochem-
ical behavior of the material, while higher increases in its concentration cause a deteriora-
tion of this property.

Keywords: hydroxyapatite; bio-ceramics; magnesium; mechanical properties; corrosion

1. Introduction

Hydroxyapatite (HA), Ca1(POs)s(OH)2, is a calcium phosphate biomaterial exten-
sively used in orthopedic and dental applications due to its chemical similarity to the
mineral phase of bone, excellent biocompatibility and osteoconductivity [1-3]. However,
the clinical use of monolithic HA remains limited in load-bearing applications because of
its intrinsic brittleness, low fracture toughness and poor fatigue resistance [4]. Therefore,
improving the mechanical and functional performance of HA while preserving its biolog-
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ical properties remains an important challenge in calcium phosphate biomaterials re-
search.

Two main strategies have been explored to overcome these limitations: reinforce-
ment through composite formation and physicochemical modification by ionic substitu-
tion within the HA lattice. HA-based composites reinforced with metals, oxides or bioac-
tive phases have shown improvements in mechanical behavior and bioactivity [5-7]. Al-
ternatively, ionic substitution has been investigated as a route to modify crystallinity, sol-
ubility and biological response while maintaining the apatite structure [8,9].

Among the biologically relevant ions, magnesium (Mg?*) has attracted particular in-
terest because it is naturally present in bone tissue and is associated with osteogenesis and
bone remodeling processes [10-12]. Previous studies have reported that Mg incorporation
into HA may influence crystal size, crystallinity and dissolution behavior [13,14]. Due to
the smaller ionic radius of Mg? compared with Ca?, several authors have proposed that
magnesium incorporation can affect the HA crystal structure [15]. Consequently, Mg-con-
taining HA materials have been synthesized using different processing routes, including
precipitation, sol-gel and hydrothermal methods [13,16].

In addition to chemical synthesis routes, magnesium-containing HA materials can
also be produced by powder mixing and thermal processing using metallic magnesium
additions. Depending on processing conditions, these systems may contain multiple
phases, including HA, magnesium oxide and residual magnesium. However, the distinc-
tion between true lattice substitution and composite-type phase formation remains un-
clear in several reported studies [17-19]. As a result, the relationship between magnesium
addition, phase evolution and functional properties in powder-processed HA systems is
still not fully understood.

The present study investigates HA-magnesium mixtures with controlled Mg addi-
tions processed by powder metallurgy. The work focuses on the evaluation of phase con-
stitution, microstructure, mechanical behavior and electrochemical response as a function
of magnesium content. The working hypothesis is that increasing Mg addition modifies
the phase composition and microstructural characteristics of the system, which in turn
influences its mechanical and electrochemical behavior. This study searches to enhance
the understanding of the mechanical and electrochemical properties of magnesium-con-
taining hydroxyapatite (HA) materials fabricated through solid-state processing routes.

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, Naucalpan, Estado de
México, México). The studied chemical compositions are listed in Table 1. The Mg/Ca mo-
lar ratios corresponding to the nominal Mg contents were estimated by converting the
weight percentage of Mg into molar amounts using the atomic mass of Mg (24.305
g'mol™). The remaining cationic fraction was assumed to correspond to Ca within the hy-
droxyapatite structure (Caw(POs)s(OH)2). This approach allows an approximate evalua-
tion of the level of Mg substitution in the HAp lattice, although the possible formation of
secondary Mg-containing phases at higher doping levels should not be excluded. The ra-
tio Mg/Ca for each composition is also shown in Table 1. The ratio Ca/P is 1.67.

Table 1. Composition of different prepared formulations.

.. Magnesium Hydroxyapatite Mg/Ca
Composition (Wfight %) yWeig};ltp% Molagr/Ratio
HA-0%Mg Mg0 100 0.0000
HA-0.5%Mg Mg 0.5 99.5 0.0083
HA-1%Mg Mg1 99 0.0168

https://doi.org/10.3390/applbiosci5030061



Appl. Biosci. 2026, 5, 61 3 of 17

HA-3%Mg Mg 3 97 0.0880
HA-5%Mg Mg 5 95 0.0899
HA-10%Mg Mg 10 90 0.1976

The initial hydroxyapatite-magnesium powder mixtures were ground in a ball mill
(Lab Mill-8000, Gilson Company, Inc., Lewis Center, OH, USA) 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 cylindrical samples measured 1 cm
in diameter and 1 cm in height. The pellets were sintered in an electric furnace (VHT 8§,
Nabertherm, GmbH, Lilienthal, Germany) at 1000 °C with a dwell time of 1 h. The sinter-
ing process was conducted under vacuum, using a heating rate of 10 °C/min. After com-
pletion 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. (For the study, five samples of each composition were pre-
pared; the results presented here are the average of all of them.) The density was deter-
mined according to Archimedes’ principle, following the ASTM B963 standard [20]. Frac-
ture toughness was evaluated using the indentation fracture method [21], applying the
equation proposed by Evans [22]. Microhardness measurements were carried out in ac-
cordance 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 mi-
crohardness tester (Emco-Test, DuraScan 200, QMN Equipment Inc., Mississauga, ON,
Canada), using a force of 9.8 newtons for 15 s of penetration. The crystalline structure was
analyzed by X-ray diffraction (XRD) using a SmartLab RIGAKU (STEM-LE-1086-LC,
STEMART, Shirley, NY, USA) powder diffractometer equipped with Cu Ka radiation (A
=1.5406 A), scanning over a 20 range of 20-80°. The XRD patterns of the alloys were ana-
lyzed using X'Pert HighScore Plus (v2.2b) software. The surface morphology, elemental
composition, and spatial distribution of elements were investigated by energy-dispersive
X-ray spectroscopy (EDS) coupled to a FEI ESEM Quanta FEG-250 scanning electron mi-
croscope (Thermo Fisher, Waltham, MA USA). Electron micrographs were acquired using
the same instrument at magnifications between 500x and 2000x. All analyses were per-
formed at an accelerating voltage of 20 kV, employing a backscattered electron (BSE) de-
tector under low vacuum. Prior to characterization, all samples were affixed onto alumi-
num stubs using conductive carbon. 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 (IM7X, Zahner-Elektrik GmbH & Co., Kronach, Ger-
many) 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). Elec-
trochemical impedance spectroscopy (EIS) was employed to evaluate the polarization re-
sistance (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.
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3. Results
3.1. Density and Porosity

Figure 1 presents the relative density and porosity of the sintered ceramics as a func-
tion of magnesium content, with the corresponding error bars for each studied composi-
tion. An inverse relationship is observed, with increasing magnesium content leading to
a decrease in relative density and a corresponding increase in porosity, indicating a re-
duction in densification during sintering. Although high density is generally associated
with improved mechanical properties, a controlled level of porosity is desirable for bio-
medical applications because it can promote cell infiltration, vascularization, and bone
ingrowth. It should be noted that these biological benefits depend not only on the overall
porosity but also on pore size, interconnectivity, and scaffold architecture, which play a
key role in osseointegration and tissue regeneration [24,25]. However, these structural fea-
tures were not evaluated in the present study and are beyond its scope. Cortical bone (CB)
exhibits porosity values of approximately 15%, which are slightly higher than those ob-
tained for ceramics containing 3, 5, and 10% magnesium. This similarity suggests that the
developed ceramics possess porosity levels compatible with bone tissue, potentially fa-
voring bone ingrowth and reducing stress-shielding effects. Therefore, despite the de-
crease in relative density with increasing magnesium content, the resulting porosity, par-
ticularly at lower magnesium concentrations, is considered suitable for the intended bio-
medical application. The values for cortical bone density and porosity were included in
the figure solely for comparative purposes.
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Figure 1. Relative density and porosity values obtained for each sintered ceramic. CB —cortical bone.

3.2. Crystalline Structure

Figure 2 presents the X-ray diffraction (XRD) patterns of Mg-containing hydroxyap-
atite samples sintered at 1000 °C, allowing evaluation of the phase evolution associated
with magnesium addition. The diffraction pattern of pure HA exhibits sharp and well-
defined peaks corresponding predominantly to hydroxyapatite, indicating high crystal-
linity after sintering. As Mg content increases, additional diffraction peaks become evi-
dent. Peaks located at 20 values of approximately 36.6° and 47.8° can be associated with
the (101) and (102) planes of metallic Mg, suggesting that part of the added magnesium
remains as a secondary phase after processing. Likewise, the low-intensity peak observed
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near 45° may correspond to MgO formation, likely related to partial oxidation during sin-
tering at high temperatures.
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Figure 2. X-ray diffraction patterns of Mg-containing hydroxyapatite ceramics sintered at 1000 °C.

The XRD patterns also reveal the progressive appearance of secondary calcium phos-
phate phases with increasing Mg addition. Diffraction peaks located at 20 values near
26.4°,28.2°,33.6° and 35.3° are consistent with {3-tricalcium phosphate (3-TCP), indicating
partial HA decomposition during thermal treatment. Similar phase evolution has been
previously reported in Mg-containing calcium phosphate systems processed at tempera-
tures between 700 and 1200 °C [26-28]. In this system, Mg acts as a destabilizing agent for
HA, promoting its conversion into more thermodynamically stable and soluble calcium
phosphate phases, as described by Reaction (1).

Cayo(PO)6(OH); 22 3B-Cay(PO,), + CaO + Hy0 )
g,

2

Although magnesium incorporation into the HA structure has been discussed in pre-
vious studies due to the smaller ionic radius of Mg? relative to Ca%, the present results
do not allow definitive confirmation of lattice substitution. Therefore, the XRD and EDS
analyses are interpreted only as evidence of magnesium incorporation within the material
system and associated phase evolution. Additional high-resolution structural or spectro-
scopic techniques would be required to conclusively determine the extent of substitutional
incorporation. Furthermore, a slight reduction in peak intensity and broadening of some
reflections can be qualitatively observed as Mg content increases, which may be associated
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with reduced crystallinity and inhibited grain growth during sintering. Similar behavior
has been reported in Mg-containing calcium phosphate ceramics and is commonly related
to microstructural refinement effects [29]. For pure hydroxyapatite using the peak located
in 2 theta angles of 31.8 which corresponds to the (211) plane of hydroxyapatite, and the
Scherrer formula, the crystallite size was estimated to be 252 nm. The lattice parameters
were calculated as a =b =9.421A, ¢ = 6.892 A. On the other hand, for the sample 5% Mg-
modified hydroxyapatite and using the same peak in 2 theta angles of 31.8, the crystallite
size was estimated to be 231 nm, whereas the lattice parameters were calculated asa=b =
9.413 A, ¢ = 6.812 A. The incorporation of Mg?* into the hydroxyapatite structure induces
a slight contraction of the unit cell parameters, as evidenced by the decrease in both a and
c lattice constants. This behavior can be attributed to the substitution of Ca? ions by the
smaller Mg?* ions, which generates local lattice distortions and reduces the average inter-
atomic distances within the crystal structure. Additionally, the observed decrease in crys-
tallite size suggests that Mg?* hinders crystal growth during sintering, increasing struc-
tural disorder and reducing crystallinity.

In a general way, the XRD results demonstrate that magnesium addition modifies
the phase composition of the HA-based system, promoting the formation of secondary
phases such as B-TCP and Mg-containing compounds. These structural changes are ex-
pected to influence the microstructural and functional behavior of the materials, which is
further discussed in the following sections.

3.3. Microstructure

Figure 3 presents the microstructures of the Mg-containing hydroxyapatite ceramics
observed by scanning electron microscopy (SEM). To identify the chemical elements pre-
sent in the samples, energy-dispersive X-ray spectroscopy (EDS) analyses were also per-
formed, and the corresponding spectra are also included in Figure 3.

(b)
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Figure 3. Microstructures and EDS spectra of the different hydroxyapatite-magnesium ceramics
obtained by scanning electron microscopy: (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.
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The SEM micrographs reveal agglomerated particles with rough and irregular mor-
phologies, which are characteristic of ceramics produced by powder-processing routes.
Although the microstructure appears relatively homogeneous at the micrometer scale, the
SEM resolution does not allow a precise evaluation of grain refinement or grain boundary
features. Likewise, no evident large-scale segregation is observed; however, the presence
of minor secondary phases detected by XRD cannot be excluded from SEM observations
due to their low concentration and limited spatial resolution.

The EDS spectra confirm the presence of the main constituent elements of hydroxy-
apatite, namely Ca, P, and O, together with weaker Mg signals associated with Mg incor-
poration into the material. Since the EDS analysis is mainly qualitative, the results only
suggest the presence of Mg within the samples and do not conclusively demonstrate a
fully homogeneous elemental distribution at the microscale.

As the Mg content increases, slight morphological changes can be observed, includ-
ing a tendency toward smaller and more compact agglomerates. This behavior may be
related to the presence of Mg during the sintering process, which could influence diffusion
and grain growth mechanisms. Although Mg?* has a smaller ionic radius than Ca? and
has been reported to substitute for Ca?* in hydroxyapatite, the EDS analysis performed in
this study only confirms the presence of Mg and does not provide direct evidence of crys-
tallographic substitution or homogeneous incorporation within the HA lattice. Therefore,
any potential effect of Mg on crystal growth should be interpreted cautiously. Further-
more, these observations are limited by the resolution of the SEM analysis. In addition,
samples with higher Mg contents exhibit a slightly more porous appearance, which may
be related to the inhibitory effect of Mg on densification during thermal treatment. Despite
this, the porosity distribution remains relatively uniform, without evidence of critical
macroscopic defects.

These observations are consistent with the XRD analysis, which indicates that Mg
incorporation occurs mainly within the hydroxyapatite structure, while also revealing the
presence of minor secondary phases such as MgO and (-TCP at higher Mg contents.
Therefore, the combined SEM, EDS, and XRD results suggest that Mg affects both the
structural and morphological evolution of hydroxyapatite, although additional high-res-
olution analyses would be necessary to fully confirm elemental homogeneity and grain
boundary effects.

3.4. Mapping

Figure 4 presents the elemental mapping results of Mg-containing hydroxyapatite
ceramics, showing the spatial distribution of the characteristic elements of the apatite ma-
trix (Ca, P and O), which confirms the preservation of the material composition after the
doping process. In addition, the presence of Mg signals in the doped samples demon-
strates that magnesium is successfully incorporated into the material.

At low and moderate Mg concentrations, the elemental maps reveal a relatively ho-
mogeneous distribution of Mg throughout the analyzed regions, suggesting an adequate
dispersion of the dopant without evident large Mg-rich agglomerates. These observations
are consistent with the SEM micrographs, where no pronounced microstructural contrasts
associated with segregated regions are observed, and with the XRD results, which show
limited evidence of secondary phases at low Mg contents.

It should be noted that elemental mapping only provides information regarding the
spatial distribution of the elements and does not directly confirm crystallographic substi-
tution within the hydroxyapatite lattice. Therefore, the possible incorporation of Mg?ions
through partial substitution of Ca?* sites is proposed based on the combined interpretation
of XRD results, phase evolution, and previous reports in the literature. Such substitution
may induce local lattice distortions due to the smaller ionic radius of Mg? compared with
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Ca?, which could contribute to the formation of -TCP-related phases at higher Mg con-
centrations.

HA

|OL'iginaI All elements oxXvgen calcium phospharus magnesium
s —

Figure 4. EDS Element Distribution Maps of hydroxyapatite with different additions of Mg. The
figure shows, from top to bottom, the maps of all Mg-containing hydroxyapatite compositions stud-
ied.

As the Mg content increases, the elemental maps exhibit regions with less homoge-
neous Mg distribution, indicating the onset of localized enrichment or segregation phe-
nomena. This behavior suggests that the solubility limit of Mg in the hydroxyapatite struc-
ture may be exceeded at high doping levels, favoring the formation of Mg-rich regions or
secondary phases, in agreement with the structural changes observed by XRD. Although
the mapping resolution does not allow a definitive identification of segregated crystalline
phases, the results qualitatively support the trend toward increasing heterogeneity at ele-
vated Mg concentrations.

In addition to elemental mapping, quantitative EDS analyses were performed on rep-
resentative regions of each sample (Figure 5). Typical EDS spectra and the corresponding
elemental compositions are provided in this figure, confirming the presence of Mg and
the overall chemical composition of the Mg-doped hydroxyapatite ceramics.
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Figure 5. Typical EDS spectra for mapping and the corresponding elemental compositions.

3.5. Microhardness and Fracture Toughness

Figure 6 presents the microhardness values of the Mg-containing hydroxyapatite ce-
ramics and the corresponding error bars associated with the standard deviation of each
studied composition. A progressive decrease in microhardness is observed with increas-
ing 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 ob-
served in Figure 3. This trend indicates that magnesium incorporation influences the den-
sification behavior during sintering and consequently affects the mechanical response of
the ceramic matrix. At low magnesium contents (0.5-1 wt%), the microhardness values
decrease moderately, approaching those reported for cortical bone. This behavior may be
associated with the homogeneous distribution of magnesium within the matrix and the
moderate porosity developed at these compositions, which could improve the mechanical
compatibility of the material with natural bone tissue. In contrast, higher magnesium con-
tents (=3 wt%) produce a more pronounced reduction in microhardness, correlating with
the increased porosity and microstructural heterogeneity observed in the SEM analysis.
These structural features likely reduce the resistance of the material to localized defor-
mation under indentation loads. For comparison purposes, the microhardness values re-
ported in the literature for pure hydroxyapatite and cortical bone are also included. The
lower hardness values measured in the Mg-containing hydroxyapatite ceramics highlight
the significant influence of magnesium addition on tailoring the mechanical response of
hydroxyapatite-based ceramics.

:
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;

Microhardness, HV

:
gl
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T T I T I T T I
'Mﬂ%@i&‘gﬂkﬁ°ﬁw\»gimwiﬂ&wim & w
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Figure 6. Microhardness values obtained for each sintered ceramic. CB—cortical bone [30], HA [3].

Figure 7 presents the fracture toughness values of Mg-containing hydroxyapatite ce-
ramics together with reference values reported for cortical bone and pure hydroxyapatite.
Furthermore, Figure 7 includes error bars corresponding to the standard deviation of each
studied composition. An increase in fracture toughness is observed with increasing mag-
nesium content up to 5 wt% Mg, followed by a decrease at 10 wt% Mg. Nevertheless, the
toughness value at 10 wt% Mg remains higher than those measured for pure HA and low-
magnesium compositions. These results suggest the existence of an optimal magnesium
concentration in the range of 3-5 wt% for improving fracture resistance. The increase in
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fracture toughness at intermediate magnesium contents is consistent with the microstruc-
tural characteristics observed in Figure 3 and the densification behavior presented in Fig-
ure 1. Samples containing up to 5 wt% Mg exhibit a relatively homogeneous microstruc-
ture with moderate porosity, which may contribute to improved resistance against crack
propagation under indentation loading. In contrast, the reduction in fracture toughness
at 10 wt% Mg correlates with the higher porosity and increased microstructural heteroge-
neity observed in this composition. These features may facilitate crack initiation and re-
duce the structural integrity of the ceramic matrix. When considered together with the
microhardness results, an inverse tendency between hardness and fracture toughness can
be identified. Increasing magnesium content decreases microhardness, mainly due to re-
duced densification and increased porosity, while fracture toughness improves at inter-
mediate Mg concentrations. This behavior suggests that magnesium addition modifies the
balance between rigidity and damage tolerance in the hydroxyapatite ceramics. In partic-
ular, the samples containing 3-5 wt% Mg exhibit fracture toughness values closer to those
of cortical bone, indicating a potentially favorable mechanical compatibility for biomedi-
cal applications.
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Figure 7. Fracture toughness values obtained for each sintered ceramic. CB—cortical bone [30], HA [3].

Figure 8 shows a typical indentation footprint and the cracks formed at its corners;
the average values of a (indentation size) and c (crack length) were used to determine the
fracture toughness value.
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Figure 8. Typical indentation footprint and the cracks formed at its corners. a: indentation size,
c: crack length.

3.6. Electrochemical Impedance Spectroscopy

Figure 9 presents the Nyquist plots obtained for Mg-containing hydroxyapatite ce-
ramics and bovine bone immersed in a physiological 0.9 wt% NaCl solution. All spectra
exhibit depressed and incomplete semicircles, indicating non-ideal electrochemical be-
havior commonly associated with heterogeneous ceramic surfaces and distributed relax-
ation processes. Owing to the incomplete development of the capacitive loops within the
measured frequency range, a rigorous determination of the polarization resistance (Rp) by
equivalent circuit fitting was not performed. Therefore, the diameter of the observed semi-
circular response and its extrapolated intercept on the real impedance axis were used only
as comparative indicators of the electrochemical response among the studied samples.
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Figure 9. Impedances of hydroxyapatite samples with different magnesium contents. BB—bovine

bone.

The impedance response does not show a linear dependence on magnesium content.
The HA-1 wt% Mg sample exhibits the largest semicircle diameter, suggesting the highest
resistance to ionic transport and the greatest electrochemical stability among the evalu-
ated compositions. Samples containing 3 and 5 wt% Mg also display relatively high im-
pedance responses, whereas pure hydroxyapatite and bovine bone show the smallest
semicircular features, indicating lower resistance to electrolyte penetration. The samples
containing 0.5 and 10 wt% Mg exhibit intermediate behavior. These tendencies are con-
sistent with the densification and microstructural characteristics discussed previously.
Lower magnesium contents promote more homogeneous microstructures with moderate
porosity, whereas higher magnesium concentrations are associated with increased poros-
ity and microstructural heterogeneity. Since porosity strongly affects electrolyte penetra-
tion into ceramic materials, these structural differences are likely responsible for the ob-
served differences in impedance response. Nevertheless, because no equivalent-circuit fit-
ting was conducted, the present analysis should be regarded as qualitative, and the re-
ported values should be interpreted only as comparative indicators rather than absolute
electrochemical parameters.
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4. Discussion

The results demonstrate that magnesium acts as a multifunctional modifier in hy-
droxyapatite ceramics, simultaneously affecting densification behavior, phase stability,
microstructural evolution, and functional properties. A clear inverse relationship is ob-
served between Mg content and relative density, accompanied by a progressive increase
in porosity. This behavior indicates that magnesium hinders densification during sinter-
ing, which is consistent with its role as a lattice-distorting ion and its influence on diffusion
processes. From a structural perspective, XRD analysis confirms that Mg addition induces
significant modifications in the hydroxyapatite system. In addition to partial incorpora-
tion of Mg into the HA lattice, the presence of secondary phases such as -tricalcium phos-
phate (3-TCP) suggests partial thermal decomposition of HA promoted by magnesium.
This phase transformation leads to a biphasic HA/B-TCP system. Previous studies have
suggested that such biphasic compositions may provide a balance between the chemical
stability of HA and the higher resorbability of 3-TCP. However, the present study did not
evaluate biological performance, and therefore no direct conclusions regarding their bio-
logical advantages can be drawn. The observed reduction in crystallinity and peak broad-
ening further supports the role of Mg in inhibiting crystal growth and promoting struc-
tural disorder. These structural changes are reflected in the microstructural evolution ob-
served by SEM. At low and intermediate Mg contents, the microstructure remains rela-
tively homogeneous with moderately compact agglomerates, while higher Mg concentra-
tions lead to increased porosity and more heterogeneous morphologies. Elemental map-
ping confirms that Mg is relatively well distributed at low concentrations, whereas at
higher contents a tendency toward local enrichment appears, suggesting that the solubil-
ity limit of Mg in the HA lattice may be approached or exceeded. The mechanical response
is strongly governed by these structural and microstructural changes. Microhardness de-
creases progressively with Mg content, which is primarily attributed to reduced densifi-
cation and increased porosity. In contrast, fracture toughness shows a non-linear trend,
increasing up to 3-5 wt% Mg and decreasing at higher concentrations. This behavior sug-
gests that moderate Mg additions promote mechanisms such as crack deflection and en-
ergy dissipation associated with a refined and moderately porous microstructure. How-
ever, excessive Mg content leads to structural heterogeneity that facilitates crack initiation
and propagation. Electrochemical impedance results further highlight the strong depend-
ence of ionic transport resistance on microstructural features. The highest impedance re-
sponse is observed for intermediate Mg contents (~1 wt%), which correspond to more
compact and homogeneous structures. In contrast, higher Mg concentrations reduce im-
pedance due to increased porosity, which facilitates electrolyte penetration. Although the
analysis remains qualitative due to the absence of equivalent-circuit fitting, the trends
clearly indicate that microstructure plays a dominant role in electrochemical stability. Alt-
hough the observed increase in porosity and the formation of a biphasic HA/B-TCP sys-
tem have been reported in the literature as characteristics that may influence biological
interactions, the present study did not include biological evaluations such as cell viability,
bioactivity, protein adsorption, or in vivo osseointegration assays. Therefore, any discus-
sion regarding potential bone ingrowth, osteoconductivity, or overall biomedical perfor-
mance should be considered speculative. The present work is limited to establishing the
relationships between magnesium content, phase evolution, microstructure, mechanical
behavior, and electrochemical response. Future studies incorporating in vitro and in vivo
biological assessments will be necessary to determine whether the structural and physi-
cochemical modifications observed here translate into improved biological performance.

5. Conclusions
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o  Magnesium incorporation significantly modifies the structural, microstructural, me-
chanical, and electrochemical properties of hydroxyapatite ceramics, demonstrating
its influence on the physicochemical behavior of the material.

o Increasing Mg content reduces densification and increases open porosity. The poros-
ity values obtained at low and intermediate Mg contents are within the range re-
ported for cortical bone; however, the biological implications of this similarity were
not evaluated in the present study.

o Mg promotes partial destabilization of hydroxyapatite during sintering, leading to
the formation of a biphasic HA/B-TCP system, reduced crystallinity, and inhibited
crystal growth associated with lattice distortion.

o  Magnesium influences microstructural evolution, producing relatively homogene-
ous microstructures at low Mg contents and increasing porosity and heterogeneity
as the Mg concentration increases.

o  Microhardness decreases progressively with increasing Mg content, whereas fracture
toughness reaches its highest values at intermediate Mg concentrations (3-5 wt%),
indicating a non-linear relationship between Mg addition and mechanical perfor-
mance.

o  Electrochemical impedance measurements indicate that specimens containing ap-
proximately 1 wt% Mg exhibit the highest impedance response, while higher Mg
contents are associated with lower impedance, consistent with the increased porosity
and electrolyte penetration observed in the microstructural analysis.

o  This study establishes the influence of magnesium on the structural, mechanical, and
electrochemical behavior of hydroxyapatite ceramics. However, since no biological
assays were performed, the results should not be interpreted as direct evidence of
enhanced biological performance or osseointegration. Future work will focus on in
vitro and in vivo evaluations to validate the biological implications of the physico-
chemical changes identified in this study.
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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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