
Article

Not peer-reviewed version

Influence of Magnesium Source on the

Mechanochemical Synthesis of

Magnesium-Substituted Hydroxyapatite

Natalia V. Bulina 

*

 , Nataly V. Eremina , Svetlana V. Makarova , Irina A. Borodulina , Olga B. Vinokurova ,

Leon A. Avakyan , Ekaterina V. Paramonova , Vladimir S. Bystrov , Olga A. Logutenko

Posted Date: 7 December 2023

doi: 10.20944/preprints202312.0442.v1

Keywords: hydroxyapatite; substitution; doping; magnesium; synthesis; mechanochemistry; thermal

stability; density functional theory

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/970648
https://sciprofiles.com/profile/2857419
https://sciprofiles.com/profile/1818568
https://sciprofiles.com/profile/1841237
https://sciprofiles.com/profile/3140125
https://sciprofiles.com/profile/635937


 

Article 

Influence of Magnesium Source on the 

Mechanochemical Synthesis of Magnesium-

Substituted Hydroxyapatite 

Natalia V. Bulina 1,*, Nataly V. Eremina 1, Svetlana V. Makarova 1, Irina A. Borodulina 1,  

Olga B. Vinokurova 1, Leon A. Avakyan 2, Ekaterina V. Paramonova 3, Vladimir S. Bystrov 3  

and Olga A. Logutenko 1 

1 Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch of the Russian Academy of 
Sciences, Kutateladze Str. 18, 630090 Novosibirsk, Russia; bulina@solid.nsc.ru (B.N.V.); 
eremina@solid.nsc.ru (N.V.E.); makarova@solid.nsc.ru (S.V.M.); ir.an.bor@yandex.ru (I.A.B.); 
sveta070796@mail.ru (O.B.V.); olga_logutenko@mail.ru (O.A.L.) 

2 Physics Faculty, Southern Federal University, Rostov-on-Don 344090, Russia; laavakyan@sfdeu.ru (L.A.A.); 
3 Institute of Mathematical Problems of Biology - Branch of Keldysh Institute of Applied Mathematics, 

Russian Academy of Sciences, 142290 Pushchino, Russia; vsbys@mail.ru (V.S.B.); ekatp11@gmail.com 
(E.V.P.) 

* Correspondence: bulina@solid.nsc.ru; Tel.: +7-383-233-24-10 

Abstract: Magnesium, as one of the most abundant cation in the human body, plays an important 
role in both physiological and pathological processes. In this study, it was shown that a promising 
biomedical material Mg-substituted hydroxyapatite (Mg-HA) can be synthesized via fast 
mechanochemical method. For this method, the nature of magnesium-contained carriers was shown 
to be important. When using magnesium oxide as a source of magnesium, the partial insertion of 
magnesium cations into the apatite structure occurs. In contrast, when magnesium hydroxide or 
monomagnesium phosphate is used, a single-phase Mg-HA is formed. Both experimental and 
theoretical investigations showed that an increase in the Mg content leads to a decrease in the lattice 
parameters and unit cell volume of Mg-HA. Density functional theory calculations showed the high 
sensitivity of the lattice parameters towards the crystallographic position of the calcium site 
substituted by magnesium. It was shown experimentally that insertion of magnesium cations 
decreases the thermal stability of the hydroxyapatite. The thermal decomposition of Mg-HA leads 
to the formation of a mixture of stoichiometric HA, magnesium oxide and Mg-substituted tricalcium 
phosphate phases. 

Keywords: hydroxyapatite; substitution; doping; magnesium; synthesis; mechanochemistry; 
thermal stability; density functional theory 

 

1. Introduction 

Hydroxyapatite (HA), Са10(РО4)6(ОН)2, is widely used as a drug carrier for targeted drug 
delivery in various fields of medicine including traumatology and orthopedics, craniofacial surgery 
and dental technology, therapy and cosmetology. HA has become a material for the preparation of 
biocompatible ceramic products, composites, bone defect fillers, medical cements and implants [1–
3]. This wide medical application is due to its similarity to the minerals of human bone and dental 
tissue. 

The HA unit cell contains ten calcium cations, six PO44− tetrahedrons, and two hydroxyl groups 
located on the c-axis (Figure 1). The hydroxyl groups are surrounded by calcium cations forming 
through-channels in the HA crystal [4]. The stoichiometric HA has a Ca/P atomic ratio of 1.67. Its 
structure is remarkable since all ions in the HA structure can be substituted, and replacement with 
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both isovalent and heterovalent ions of other chemical elements or their chemical groups is possible 
[5,6].  

 

Figure 1. A view of the crystal structure of HA along the c axis (a) and the b axis (b). 

Magnesium is the fourth most abundant cation in the human body after calcium, potassium and 
sodium [7]. Magnesium is present in various human organs and plays an important role in a variety 
of processes. Approximately 60% of the magnesium is located in bone tissue, which is almost 1% of 
the total bone mineral content [7]. Magnesium ion deficiency can directly affect the bone properties 
by altering the structure and size of bone crystals of the biogenic HA as it affects bone metabolism 
[8–10]. Also, magnesium cations are particularly important for bone density. Thus, some studies 
show that magnesium deficiency promotes osteoporosis, fragility, microfractures of the trabeculae 
[11–13] and the reduction of bone’s mechanical properties [14,15]. Therefore, the substitution of 
calcium cations with magnesium cations in synthetic HA attracts huge attention [16–18].  

The synthesis of magnesium-substituted HA (Mg-HA) is usually carried out by chemical 
precipitation from aqueous solution, which under certain conditions results in the formation of a 
single-phase product [13,16,17,19–25]. According to Shepherd et al. [26], Mg-HA has the composition 
Са10-хMgx(PO4)6(OH)2. Ren et al. [19] reported that there is a limit of the magnesium content in HA of 
x = 1.5 when precipitation methods are used. Alternatively, the conventional hydrothermal methods 
[27,28] can be used to obtain single-phase Mg-HA with higher Mg content limit of x = 3 [25,27]. 

According to studies [11,23,25,27,29], the introduction of magnesium ions into the HA crystal 
lattice leads to a decrease of the cell parameters due to the significantly smaller radius of Mg2+ (0.65 Å) 
than Ca2+ (0.99 Å). However, Nagyné-Kovács et al. reported on the decrease of the unit cell parameter 
a and the increase of the parameter c [21], the increase of parameter a is also reported by Farzadi et 
al. [22]. In these studies the same method of Mg-HA synthesis was used, but with different reagents 
and synthesis stages. It is expected that the synthesis conditions have great significance and affect the 
composition of the as-synthesized HA. 

Several studies showed that magnesium complicates the crystallization of apatite and 
destabilizes its structure, which promotes its thermal transformation to β-tricalcium phosphate (β-
TCP) in the 700–900 °C temperature range [13,17,23,30–33]. In contrast there are studies reported that 
Mg-HA with low degree of substitution remains stable at temperatures higher than 900°C 
[11,17,20,21,29]. 

The aim of the present work is to explore the possibility of Mg-HAs preparation by simple 
mechanochemical method using different magnesium sources, and to study structure and thermal 
stability of the as-synthesized Mg-HAs. 

2. Materials and Methods 

2.1. Samples Preparation 

The mechanochemical synthesis of Mg-HA samples with different concentration of substituent 
ions was carried out in a planetary ball mill AGO-2 (Russia) in steel drums with the 200 g steel balls 
at a rotation speed of 1800 rpm. Calcium hydroorthophosphate, CaHPO4 (analytical grade, Vekton, 
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Saint Petersburg, Russia), freshly calcined calcium oxide, CaO (analytical grade, Vekton, Saint 
Petersburg, Russia), magnesium oxide, MgO (pure grade, Vekton, Saint Petersburg, Russia), 
magnesium hydroxide, Mg(OH)2 (analytical grade, Vekton, Saint Petersburg, Russia), and 
magnesium dihydrogen phosphate dehydrate, Mg(Н2PO4)2·2Н2О (analytical grade, Vekton, Saint 
Petersburg, Russia), were used as the initial reagents. 

The initial reagents were mixed in ratios according to reactions (1–3), while calcium cations were 
replaced by magnesium cations keeping the (Са+Mg)/P ratio constant at 1.67: 

                    (1) 

              
(2) 

     
(3) 

where х = 0, 0.25, 0.5, 1.0, 1.5, 2.0 
The mechanochemical treatment of the reaction mixture was carried out for 30 min. The lining 

of the balls and the inner surface of the drums was carried out with the reaction mixture. According 
to atomic absorption analysis, the iron content in the samples after synthesis did not exceed 0.05 wt.%. 

The thermal stability of the as-synthesized compounds was studied in a laboratory electrical 
furnace SNOL February 7, 1100 (Umega, Latvia) by heating in air at temperatures of 500, 600, 700, 
800, 900, and 1100 °C for 2 h. The rate of heating and cooling was 5 °C/min. 

2.2. Samples Characterization 

Powder X-ray diffraction (XRD) patterns of the as-synthesized and heated samples were 
recorded on a D8 Advance powder diffractometer (Bruker, Mannheim, Germany) with Bragg-
Brentano geometry using CuKα radiation in the range 2θ = 10°–70° using a step size of 0.02° and an 
accumulated time per step of 35 s. Phase identification was carried out using the PDF-4 database 
(ICDD, Release 2011). The unit cell parameters, crystallite size, and phase concentrations were 
determined by the Rietveld method [34] using Topas 4.2 software (Bruker, Mannheim, Germany). 
The fundamental parameter approach was used to account for the instrumental contribution.  

Fourier transform infrared (FTIR) spectra of the powders were recorded on an Infralum FT-801 
spectrometer (Simex, Russia) in the wavelength range 550–4000 cm-1. Pellets made up of a 4 mg 
sample and 540 mg KBr were used for the FTIR study. 

Thermal analysis experiments were carried out using a STA 449 F1 Jupiter device (Netzsch, Selb, 
Germany) equipped with a QMS 403C Aeolos mass spectrometer. The measurements were 
performed under an argon–oxygen mixture (80:20) at a heating rate of 10 °C/min. The analyzed 
sample with a mass of 30 mg was placed in a corundum crucible.  

2.3. Computational Details 

Atomic and electronic structure of HA was calculated within density functional approach as 
described in our study [35]. Concisely, the electronic band structure and formation energies were 
calculated using precise hybrid exchange-correlation functional (i.e. HSE06 [36,37] based on the 
geometries obtained using less precise semi-local functional (PBE [38]). The simulation cell is selected 
as a 2×2×2 orthorhombic supercell (352 atoms, as illustrated in Figure 2) which is sufficiently large to 
diminish the spurious interaction between defects in the neighboring cells. 
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Figure 2. The illustration of the considered HA supercell containing 352 atoms, as viewed from the с 
axis. The bold black lines illustrate the hexagonal unit cell of HA (contains 44 atoms, fig. 1) in the 
considered orthorhombic supercell. Adapted from [35]. 

The computations were performed using the QUANTUM EPSRESSO software package [39], 
operating within the plane-wave formalism. We used norm-conserved pseudo-potentials to 
represent the core electron states, the basis set was limited by cut-off energy of 60 Ryd and of 120 Ryd 
for exchange correlation operator used in hybrid functional. The detailed information about selection 
of the calculation parameters is available in [35].  

HA structure has two crystallographic positions of Ca cations (Figure 2) and both of them could 
be substituted by Mg cations. We considered structure models of both types of the substitutions with 
degree substitution x (count of substitutions per HA unit cell) varied from 0.1 to 2.0. 

Previous studies [35] showed a decrease in the parameters and volume of the HA cell when 
calcium is substituted for magnesium in the Ca1 and Ca2 positions with the increase of magnesium 
concentration x, which is in agreement with the results of other authors [19, 40]. However, at higher 
concentrations (x ~ 2), the convergence of the calculation was not quite sufficient because of the more 
severe structural changes, which required more thorough calculations. In this work, we present the 
results of such calculations performed using of large scale computational facilities, which allowed to 
achieve the necessary predetermined criteria of ion relaxation in the Mg-HA structure and to improve 
the results presented in [35]. The structural optimization was continued till the difference between 
total energy at the last two steps remains higher than the predetermined threshold of 10-4 eV and the 
maximal force acting on atoms is above 0.01 eV/Å. 

The formation energy Ef of calcium to magnesium substitution for different values of n (the 
number of magnesium ions in the supercell) was calculated by the formula [35]: 

Ef = Etot - EHA – n·[(Mg) — (Ca)],                                       (4) 

where EHA is the total energy of the original unsubstituted HA structure taken for a 2x2x2x2 = 8 
supercell, which after full density functional theory (DFT) calculation with the HSE functional has 
the value EHA = -180083.6377291 eV; Etot is the total energy of the substituted HA-Mg, calculated after 
full relaxation of the supercell with a given number n of substitutions; (Mg) and (Ca) are the 
chemical potentials of Mg and Ca ions, calculated for the reference phases of hcp Mg and fcc Ca, 
correspondingly: (Mg) = -1478.734 eV and (Ca) = -1003.756 eV.  

The Ef values obtained as a result of the calculation are normed per one formula unit (f.u.) of the 
HA unit cell. 
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3. Results and Discussion 

3.1. Mechanochemical Synthesis of Mg-HA 

Figure 3 shows the XRD patterns of the products prepared from different magnesium-based 
reagents according to reactions (1–3). As seen, all the XRD patterns of the samples produced from 
magnesium oxide have reflections of the initial MgO at 2 = 43.03° and HA phases (Figure 3a). At x = 
2 there is also a reflex at 2 = 31.25о, which belongs to the β-Ca3(PO4)2 (TCP) phase. The XRD patterns 
of the samples synthesized using Mg(OH)2 and Mg(H2PO4)2·2H2O contain only the apatite phase 
reflections (Figure 3b,c). This leads to the conclusion that reactions 2 and 3 proceed entirely to 
completion, i.e. all the reagents participate in the formation of the Mg-HA structure, which is not the 
case for reaction 1. Table 1 shows that the concentration of MgO in the resultant products is about 
two times less than that introduced into the initial mixture. Therefore, only a part of magnesium 
oxide reacts with the other components to form Mg-HA by reaction 1.  

      

 

Figure 3. XRD patterns of the samples synthesized with different concentration of MgO (a), Mg(OH)2 (b), and 
Mg(Н2PO4)2·2Н2О (c). Vertical bars in the (a) graph correspond to the HA phase from the ICDD database (PDF 

No. 40‐11‐9308). 

Table 1. Results of the quantitative analysis of the samples produced using magnesium oxide. 

Initial concentration Powder composition after synthesis, wt.% 

x(Mg) MgО, wt.%  Mg-HA MgO TCP 

0 0 100 0 0 
0.25 0.97 99.5 0.5 0 
0.5 1.95 99.3 0.7 0 
1.0 3.93 98.1 1.9 0 
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1.5 5.94 96.2 3.8 0 
2.0 7.99 82.9 6.4 10.7 

The changes in the cell and volume parameters in the substituted samples depending on the 
concentration of the introduced magnesium oxide confirm the presence of magnesium cations in the 
structure of the as-synthesized Mg-HA (Figure 4). As seen, the most significant decrease in these 
values is observed for the samples prepared by reaction 2, with magnesium hydroxide used as the 
Mg source. This can be attributed to the different ionic radii of calcium and magnesium cations: 
R(Ca2+) = 1.00 Å, R(Mg2+) = 0.72 Å [41]. In the case of MgO, a decrease in these parameters is not so 
marked because not all the magnesium has reacted, as mentioned above. In the case of 
monomagnesium phosphate, the larger changes in the parameters at large values of x, unlike the case 
of magnesium hydroxide, can be explained by the influence of a large number of water molecules 
released during the chemical interaction of this mixture of the reactants (reaction 3), which can 
increase the lattice parameter values. An interesting fact is that the concentration of the released water 
does not affect the crystallite size (Figure 4c). Although the dopant concentration affects it; thus, the 
larger x, the smaller the average crystallite size is. 

 
Figure 4. Variation of the parameters a (a) and c (b), unit cell volume (c) and crystallite size (d) of the 
Mg-HA phase in the as-synthesized samples as a function of magnesium concentration in the initial 
mixture when using different magnesium-based reagents. 

The low reactivity of magnesium oxide in mechanochemical synthesis may be due to its high 
mechanical strength and strong abrasive resistance (periclase has a Mohs hardness value of 5.5, 
calcium oxide – 3.5), unlike the other reactants of the reaction mixture that are prone to hydration. 
The authors of study [42] reported that, in the first minutes of the mechanochemical treatment of the 
initial mixture in a planetary ball mill, the grinding of the reagents occurs followed by the 
neutralization reaction with the formation of HA crystallites. The different degree of grinding of the 
reagents, resulted from their different hardness, does not allow the particles to be efficiently 
distributed over the volume of the reaction mixture. Therefore, only a small part of the surface layer 
of MgO particles is involved in Reaction (1). In this case, magnesium-deficient apatite with low 
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(Са+Mg)/P ratio (< 1.67) is formed. With a deficiency of calcium ions in the HA cationic sublattice, 
the so-called "acidic" apatite Са10–у(НРО4)у(РО4)6–у(ОН)2–у is formed during mechanochemical 
synthesis [43]. In our case, since a part of magnesium can be incorporated into the apatite crystal 
structure, the possible composition of the as-synthesized apatite is Са10–xMgx–y(НРО4)y(РО4)6–у(ОН)2–

y, where у < x. Consequently, reaction (1) can be re-written as follows: 

     
    (5) 

The presence of (НРО4)2– groups in the structure of Mg-HA prepared from magnesium oxide is 
confirmed by the FTIR spectra (Figure 5), which show a corresponding absorption band at 880 cm-1 

[43], which is not observed in the spectra of the samples synthesized using magnesium hydroxide 
(Figure 5b). The absorption bands of the phosphate anion (572, 602, 960, 1048, 1090 cm -1) and the 
bands of stretching (3572 cm-1) and libration (630 cm-1) vibrations of the hydroxyl group in the HA 
structure appear in both spectra [4]. The broad bands at 1640 and 3430 cm-1 belong to adsorbed water, 
while the low-intensity bands at 1420 and 1470 cm-1 correspond to the low carbonate ion content [4]. 

  

Figure 5. FTIR spectra of the samples synthesized with different concentration of MgO (a) and 
Mg(Н2PO4)2·2Н2О (b). 

The STA data confirm the presence of adsorbed and lattice water in the synthesized samples, 
which is released in the temperature range of 50–600 оС (Figure 6). The amount of water in the 
samples is different and consistent with the stoichiometry of reaction equations (1)–(3). When MgO, 
Mg(OH)2, and Mg(Н2PO4)2·2Н2О are used as the Mg sources, the amount of water released from the 
samples is 4.1, 7.1, and 7.2 wt.% respectively. The endoeffects observed in the DTA curves at higher 
temperatures are obviously related to the decomposition of the substituted apatite structure. 
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Figure 6. STA of the Mg−HA samples synthesized using MgO (a), Mg(OH)2 (b) and Mg(Н2PO4)2·2Н2О 
(c): 1 – weight loss; 2 – DSC; 3 – water release. 

The data shown in Table 2 indicate that the removal of adsorbed water does not change the 
phase composition of the samples synthesized with the addition of magnesium hydroxide and 
monomagnesium phosphate. They remain single phase in contrast to the samples synthesized with 
the incorporation of magnesium oxide. Heating of the samples obtained with MgO led to an increase 
in the MgO concentration and the formation of the TCP phase at x = 1.5. 
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Table 2. Phase composition (wt.%) of the synthesized samples with different x after heating at 500 
оС. 

Initial 

concentration of 

Mg (x) 

MgO using 

(reaction 1) 

Mg(OH)2 using 

(reaction 2)  

Mg(Н2PO4)2·2Н2О using 

(reaction 3) 

Mg-HA MgO TCP Mg-HA Mg-HA 

0 100 0 0 100 100 
0.25 99.2 0.8 0 100 100 
0.5 98.6 1.4 0 100 100 
1.0 97.5 2.5 0 100 100 
1.5 92.6 3.3 4.1 100 100 
2.0 74.8 4.1 21.1 100 100 

Figure 7 shows the changes in the unit cell parameters of the Mg-HA phase in the samples after 
heating at 500 °C. Comparing the data shown in this figure with those shown in Figure 4, it is evident 
that, after heating, the parameters keep changing with increasing x but not that much. At the same 
time, after the removal of water, the lattice parameters and cell volumes of the samples synthesized 
using Mg(OH)2 and Mg(Н2PO4)2·2Н2О are nearly the same and keep decreasing with increasing x. 
This suggests that the samples with the same x are of comparable magnesium concentrations in the 
Mg-HA lattice. As for the samples synthesized using magnesium oxide, the change in the parameter 
c is very similar to that for the samples obtained using both Mg(OH)2 and Mg(Н2PO4)2·2Н2О, although 
the parameter a increases with an increase in x. The different trend in changing the parameter a for 
the samples obtained with MgO may be caused by an increase in the number of vacancies of the OH 
groups in the Mg-HA structure [4] in accordance with Formula (4). The decrease of the parameter c 
in this case is due to the increase in the number of substitutions of the calcium positions with both 
the magnesium and hydrogen ion of the group (HPO4)2-, located also in the region of the vacant 
position of the calcium cation. After the water has been removed from the Mg-HA samples, the 
crystallite size of the apatite phase gradually decreases with increasing x for all series of samples 
(Figure 7d). 
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Figure 7. Changes in the parameters a (a) and c (b), unit cell volume (c) and crystallite size (d) of Mg-
HA phase in the annealed at 500 оС samples depending on the magnesium concentration in the initial 
mixture when using different magnesium-based reagents. 

3.2. Lattice Parameters Predicted by DFT 

The purpose of this section is to provide a theoretical insight on the incorporation of Mg2+ in the 
HA crystal lattice, since it is not possible to refine experimentally the structure of the substituted 
apatite in this case due to its small crystallite size and the low electron density of the substituent 
cation. 

Figure 8 shows the calculated cell parameters for models containing different amount of Ca1 
and Ca2 substitutions. As can be seen, the general tendency is the decrease of the unit cell size with 
the addition of Mg cations. However, the differences of the positions of the substituted Ca cations 
have significant effect on the cell parameters at high x. In particular, at x > 1, the cell parameters a and 
b decrease noticeably if magnesium is located in the Ca1 position, while the parameter c increases 
only slightly. In the case of the Ca2 substitutions all parameters decreases but slower, than in the case 
of Ca1, so that the unit cell volumes at the same x in both substitutions have comparable values in 
the whole range of magnesium concentrations and they decrease almost linearly with the increasing 
of the number of substitutions in the cell. 
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Figure 8. Changes in the parameters (a) and volumes (b) of the Mg-HA unit cell depending on the 
concentration x of magnesium cations in Ca1 and Ca2 positions. The results of DFT calculations for 
the substitution in a supercell consisting of 8 unit cells. 

Comparison of the results of modeling (Figure 8) with the experimental data (Figure 4) suggests 
that during the synthesis of Mg-HA, the substitution of calcium by magnesium predominantly occurs 
in the Ca2 position. This is also indicated by the calculated values of the formation energy (Ef) of the 
substitutions of calcium for magnesium in the positions Ca1 and Ca2 shown in Figure 9. 

 

Figure 9. Formation energy Ef of calcium by magnesium substitutions in the supercell at the Ca1 and 
Ca2 positions as a function of the number of substituted x ions. 

Figure 9 shows that the dependence of Ef on the magnesium concentration in Ca1 position has a 
parabolic shape with a minimum at x = 1. The Ef values for substitutions in Ca2 position change 
irregularly as the concentration x increases. As seen, all the values except for those at x = 1 are below 
the Ef values for substitutions in Ca1 position, i.e., Ef(Ca1) > Ef(Ca2). At a concentration x = 1, the 
formation energy values for both Mg substitutions are close, which means that the magnesium cation 
can coexist at the positions Ca1 and Ca2.  

From the above, we can conclude that for almost all values of x, Mg substitution in the Ca2 
position is energetically more favorable than in the Ca1 position, hence, the substitution in the Ca2 
position mainly occurs during Mg-HA synthesis. 

3.3. Thermal Stability of Mg-HA 

The thermal stability of the Mg-HA samples synthesized using Mg(Н2PO4)2·2Н2О was 
investigated. Figure 6 shows the changes in the XRD patterns of Mg-HA samples at different 
concentrations x of magnesium after heat treatment at different temperatures. As seen, the 
substituted samples are less stable than unsubstituted HA. Upon decomposition of Mg-HA, the 
reflections of β-TCP and MgO appear in the XRD patterns, which was also reported by Moreira et al. 
[44].  
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Figure 10. XRD patterns of the Mg-HA samples with magnesium concentration x = 0.25 (a), x = 0.5 (b), 
x = 1.0 (c), and x = 2.0 (d) after heat treatment at different temperatures. Unmarked reflections belong 
to the HA phase. 

The results of the quantitative phase analysis of the XRD patterns by modeling their profiles 
showed that the decomposition of Mg-HA proceeds in two stages and the starting temperature of 
this process depends on the concentration of magnesium in the Mg-HA structure. As can be seen 
from Table 3, at a concentration x = 0.25, the sample remains single-phase up to 700 °C inclusive, 
whereas at 800 °C, a nanosized phase of magnesium oxide is formed. At higher values of x, the MgO 
phase appears already at 700 °C. A further increase in the temperature up to 800 °C results in the 
formation of the second impurity phase, β-TCP, whereas the concentration of MgO increases. The 
amounts of MgO and β-TCP increase as the magnesium concentration in Mg-HA increases.  

Table 3. Phase composition (wt.%) of the Mg-HA samples with different magnesium (x) 
concentrations after heating at different temperatures. 

x(Mg) Phase 
Temperature (°C) 

600 700 800 900 1100 1200 

0.25 HA 100 100 99.7 94.1 94.1 91.1 
 MgO – – 0.3 0.5 0.8 0.6 
 TCP – – – 5.4 7.2 8.3 
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0.5 HA 100 99.9 88.8 81.1 80.7 79.6 
 MgO – 0.1 1.0 1.4 1.3 1.3 
 TCP – – 10.2 17.5 17.9 19.0 

1.0 HA 100 99.0 70.0 58.0 56.8 54.6 
 MgO – 1.0 2.0 2.6 2.6 2.8 
 TCP – – 28.0 39.4 40.6 42.6 

1.5 HA 100 96.6 36.2 27.6 28.0 25.7 
 MgO – 3.4 4.7 4.3 4.2 4.1 
 TCP – – 59.1 68.1 67.8 70.2 

2.0 HA 100 94.3 14.3 6.1 5.1 6.4 
 MgO – 3.1 6.6 5.9 5.7 5.8 
 TCP – 2.6 79.1 88.0 89.3 87.8 
Figure 8a,b shows that, unlike the samples heated at 500 °C, the unit cell parameters and volume 

of the HA phase, annealed at 900 °C with the formation of the impurity phases MgO and β-TCP, 
almost do not change (Figure 8c,d) (Figure 5a-c). This implies that the HA structure after the 
formation of the impurity phases does not contain magnesium cations. At the same time, the unit cell 
parameter values of the β-TCP phase are a = 10.34 Å and c = 37.20 Å, which is much smaller than 
those reported by Bohner et al. [45]. Consequently, the β-TCP phase contains magnesium cations, 
which agrees with the data reported in studies [13, 32]. 

 

Figure 12. Variation of the parameters a and c (a), and unit cell volume (b) of the HA phase in the 
samples with different concentrations of the introduced magnesium after annealing at 900 °С. 

Taking into account that the decomposition of Mg-HA proceeds in two stages with the formation 
of MgO in the first stage and the substituted β-TCP and MgO in the second stage, the decomposition 
of Mg-HA can be described by Reactions (6)–(7): 

,       (6) 

where y ≤ 0.5 

, (7) 

At the first stage of the decomposition proceeding by Reaction (6), Mg-HA, which contains a 
small concentration of cationic vacancies and magnesium oxide, is formed. At the second stage of the 
decomposition proceeding by Reaction (7) at a slightly higher temperature, the number of hydroxyl 
groups in the apatite structure decreases to less than 1, so the crystal lattice of the substituted apatite 
becomes unstable and decomposes into the substituted β-TCP and MgO. Magnesium substitution for 
calcium cations in the structure of β-TCP was also reported in studies [21,23,32].  
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The significant difference between ionic radii of calcium and magnesium may be the reason for 
the decomposition of Mg-HA. In this case, the magnesium cations, which partially occupy the 
calcium positions, are located at a much larger distance from their nearest neighboring oxygen anions 
than the calcium cations in the same position. The thermal expansion of the crystal lattice upon 
heating resulting in a further increase in the ion-ion distances lead to the destruction of the ionic 
crystal at the sites of localization of the magnesium cations followed by the formation of β-TCP and 
MgO phases. It is noteworthy that, for all concentrations of the introduced magnesium, the behavior 
of the crystallite size of the substituted apatite phase after cooling and unsubstituted HA (Figure 7), 
which does not undergo any structural transformations in this temperature range, have the same 
dynamic. Even at x = 2, when the Mg-HA structure is almost completely decomposed (only 6 % HA 
remains), the changes in the crystallite sizes have the same dynamics. Consequently, the Mg-HA 
structure decomposes upon heating.  

 

Figure 11. Evolution of the apatite crystallite size with temperature upon heating Mg-HA containing 
different magnesium concentrations. 

4. Conclusions 

Mg-substituted HA of the composition Са10-хMgx(PO4)6(OH)2 was synthesized by the 
mechanochemical method. It was shown that magnesium hydroxide or monomagnesium phosphate 
should be used as the magnesium-bearing reagents. The interaction of these compounds with the 
other components of the reaction mixture (CaO and CaHPO4) during mechanical treatment in a 
planetary ball mill results in the formation of a single-phase substituted apatite directly in the mill 
without further heat treatment. In the case of magnesium oxide, the reaction does not proceed entirely 
to completion; as a result, a non-stoichiometric, partially substituted apatite containing an impurity 
phase of the initial MgO, is formed. 

 Mg-substituted HA prepared by the mechanochemical synthesis contains lattice and adsorbed 
water in the amount of no more than 7.2 wt.%, which is removed upon heating at 500 °C. An increase 
in the Mg content introduced into HA leads to a decrease in the unit cell parameters, its volume, and 
the crystallite size as well. The results of DFT calculations performed on the HA supercell model of 
352 atoms showed similar dynamics of the changes in the unit cell parameters. Moreover, it was 
found that, the dependence of cell parameters from the degree of substitution significantly deviated 
from linear behaviour at large values of x for magnesium substitution in the Ca1 position. A 
comparison of the experimental and the calculated cell parameters, suggests that, magnesium 
substitutions in both Ca1 and Ca2 positions can occur but the Ca2 position demonstrate the behavior 
closer the observed one under the conditions of mechanochemical synthesis. This result is also 
confirmed by the consideration of the calculated energies of formation of Mg substitutions in the Ca1 
and Ca2 positions. 

The study of thermal stability of the Mg-substituted HA has shown that the introduction of 
magnesium cations destabilizes the HA structure, thereby, upon heating of the samples above 600 
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°C, Mg-HA decomposes. The starting temperature of thermal decomposition depends on the 
concentration of magnesium in the sample. The more magnesium in the Mg-HA structure, the lower 
temperature at which decomposition starts. Thus, at a concentration x = 0.25, the samples remain 
single-phase up to a temperature of 700 °C, while at higher values of x, the decomposition starts at 
700 °C. The decomposition of Mg-HA proceeds in 2 stages. At the first stage, the MgO phase is 
formed. A further increase in the temperature by 100 °C results in the formation of another impurity 
phase, β-TCP. The concentrations of the released MgO and β-TCP phases increase as the magnesium 
concentration in Mg-HA increases. After the release of magnesium oxide, the remaining HA phase 
does not contain magnesium cations in its lattice, while the phase of another phosphate, β-TCP, 
contains magnesium cations. 
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