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ion of large bone areas while healing injuries or bone 
till remains a challenge for regenerative medicine.1,2 

s3–7 and bioceramics8,9 are used for the regeneration of 
 bone tissues, but attention is focused on materials 
g calcium phosphates because they are similar in 

tion to natural bone and biocompatible.10–13 However, 
ics based on calcium phosphates do not meet basic 
ents for the materials aimed at bone healing. Ceramics 
posites based on hydroxyapatite Ca10(PO4)6(OH)2 are 
rized by poor solubility and a low resorption rate of 
 during in vivo implantation.14–16 From this viewpoint, 
um phosphates can be a useful alternative to calcium 
tes due to the ability of magnesium to replace calcium in 
 mineral and bioceramics.17 Enhanced in vitro and in 
degradation of the materials based on magnesium 
tes was reported.18,19 Thus, Ostrowski et al.18 noted that 
us magnesium phosphate pellets released up to 9 mm 
um ions after immersion in cell culture media for 125 h, 

the concentration of magnesium ions in a control 
nt with b-tricalcium phosphate Ca3(PO4)2 remained 

ed. The phases containing Mg2+ ions are promising due 
iological properties and the possibility of the formation 
l bone tissue. Magnesium is found in bone tissue, and it 
ace calcium in body minerals due to their chemical 
y. Magnesium phosphates, such as newberite 

4∙3H2O) and struvite (NH4MgPO4∙6H2O), can be used 
sors for bone implants.20,21 The addition of 0.01 m Mg2+ 
l culture medium enhanced the mineralization of an 
ular matrix.22 Due to a greater enthalpy contribution to 
ation of cations in the course of dissolution, magnesium 
tes are characterized by a higher rate of resorption in the 
ironment, and they are promising biomaterials for the 
t of bone tissue defects. However, fabrication of 
ics based on magnesium phosphates received little 
.23,24 To tune the resorption of bioceramics, sodium 
,26 can be introduced into the crystal lattice of 
tes. Thus, the aim of this work was to study a relationship 
 phase transformations in the test double magnesium–

sodium phosphates and the microstructure of corresponding 
ceramics.

The double magnesium–sodium phosphates were prepared 
using Mg2P2O7, Mg3(PO4)2, MgO, and Na2CO3 as starting 
materials (see Online Supplementary Materials).

The double phosphate MgNaPO4 (MNa) was obtained under 
reported conditions27 according to reaction (1). A mixture of 
magnesium pyrophosphate Mg2P2O7 and sodium carbonate was 
ball-milled and then calcined in two stages at 900 and 600 °C for 
10 h: 

Mg2P2O7 + Na2CO3 → 2MgNaPO4 + CO2↑.  (1)

The double orthophosphate Mg4Na(PO4)3 (M4Na) was 
synthesized by solid-phase reaction (2) from the phosphate 
MgNaPO4 and magnesium orthophosphate Mg3(PO4)2 heated at 
1100 °C for 10 h: 

Mg3(PO4)2 + MgNaPO4 → Mg4Na(PO4)3 .  (2)

The powder samples for dilatometric analysis were shaped by 
uniaxial pressing with a Carver C hydraulic manual press (see 
Online Supplementary Materials). Here, we report the preparation 
and properties of ceramics based on the double magnesium–
sodium phosphates. Sintering temperatures were 800, 900, and 
1000 °C. Sintering temperatures higher than 900 °C for the 
MgNaPO4 phase caused cracks due to polymorphic 
transformations.27 The crystal lattice volumes determined from 
powder XRD data were 916.37(4) and 950.04(2) Å3 for MNa and 
M4Na powders, respectively. The powder XRD analysis of 
ceramic samples after calcination (Online Supplementary 
Materials, Figures S1 and S2) showed that a sample based on 
MgNaPO4 sintered at 800 °C did not contain impurities of other 
polymorphic modifications, while the sintering temperature of 
900 °C led to the appearance of impurity polymorphic 
modifications. It can be assumed that the high-temperature 
modification was a MgNaPO4 phase (ICDD card 32-1121) 
because the intensity of its reflexes increased with temperature.  
At 1000 °C, MgNaPO4 decomposed with the formation  
of Mg4Na(PO4)3 and Na3PO4. Ceramic samples based on 
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rication of ceramics based on double phosphates 
4 and Mg4Na(PO4)3 is considered. Volume changes 

e transformations of MgNaPO4 and Mg4Na(PO4)3 
ermal treatment in a range of 800–1100 °C and their 
 the microstructure of ceramics are studied.
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Mg4Na(PO4)3 contained reflexes related to a Mg4Na(PO4)3 phase 
(ICDD card 34-671). No new phases were formed as the 
temperature was increased, but a decrease in the intensity of some 
reflexes was observed. The FT-IR spectra of powders (Online 
Supplementary Materials, Figure S3) showed regions of the most 
intense oscillations corresponding to the PO4

3– (at 900–1200 cm–1) 
and Mg–O (at 565 cm–1) groups.28

Dilatometry was used to reveal volume changes during the 
heating of ceramic samples [Figures 1(a),(b)]. The thermal 
behavior of ceramics is important for optimizing sintering 
temperatures because volume changes can cause cracking and 
reduce the strength characteristics. Shrinkage curves for the 
phosphate MgNaPO4 correlated with thermal analysis data.27 
Thus, volume changes at 722 and 902 °C in the DTA curve were 
undoubtedly associated with phase transitions. The volume 
change ∆V/V at 722 °C was about 3.1%, and this expansion upon 
heating may lead to heavy cracking of the ceramics. However, 
the volume change at 902 °C was significantly at a level of 0.7%, 
and the resulting stress was not so crucial in sense of cracking. 
The Mg4Na(PO4)3 phase decomposed at >1040 °C, and the 
dilatometry temperature was limited to 1100 °C. We have 
discovered a dangerous change of about 2% in the volume at 
1025 °C due to a phase transition, which was also confirmed by 
DTA. Thus, we observed phase transitions of MgNaPO4 at 722 
and 902 °C with volume changes of 3.1 and 0.7%, respectively, 
and Mg4Na(PO4)3 at 1025 °C with a volume change of about 2% 
and the decomposition of Mg4Na(PO4)3 at >1040 °C.

Evidently, the values of bulk and linear shrinkage increased 
with temperature [Figures 1(c),(d)]. The highest bulk densities 
were observed upon heating at 1000 °C [82 and 85% for 

MgNaPO4 and Mg4Na(PO4)3, respectively]. Samples of 
Mg4Na(PO4)3 sintered at 800 °C were highly brittle because this 
temperature was insufficient for obtaining dense and tough 
ceramics. Heating at 900 °C led to shrinkages of 11 and 10% for 
the ceramics based on MgNaPO4 and Mg4Na(PO4)3, respectively.

Figure 2 shows the microstructure of the ceramic samples. 
The MgNaPO4 ceramics sintered at 800 °C had an average grain 
size of 5 mm. Upon sintering at 900 °C, cracks in the ceramics 
became evident due to a phase transition in MgNaPO4. Melt 
traces were visible at 1000 °C because the rate of recrystallization 
was greater than the rate of densification. An optimal calcination 
temperature for MgNaPO4 was 800 °C, which is lower than the 
phase transition temperature. Upon heating Mg4Na(PO4)3 at 
1000 °C, a dense microstructure consisting of tightly bound 
hexagonal-like grains was formed; however, the formation of 
cracks was observed. A sintering temperature of 900 °C can be 
optimal because it does not exceed the temperature of phase 
transformations and makes it possible to obtain dense ceramics.

The distribution of elements across the samples was studied 
by elemental mapping based on energy dispersive X-ray 
spectroscopy (EDX analysis).29 Figure 3 shows uniform 
distributions of magnesium and sodium across the samples of 
sintered ceramics.

Thus, we studied the sintering of ceramic materials based on 
double magnesium–sodium phosphates. The sintering of 
Mg4Na(PO4)3 ceramics at 800 °C was accompanied by poor 
densification, which made it impossible to reach reasonable 
strength of the ceramics. At the same time, a sintering temperature 
of 1000 °C was too high and led to the appearance of cracks 
inside the ceramics because it is close to the temperature of a 
polymorphic transformation in Mg4Na(PO4)3. The ceramic 
materials based on MgNaPO4 should be sintered at 800 °C; this 
temperature allows one to avoid cracking and changing the phase 
composition of ceramics.

This work was supported by the Russian Science Foundation 
(grant no. 22-19-00219). A part of the used equipment was 
purchased through the Program of Lomonosov Moscow State 
University Development.
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Figure 1 Linear shrinkage curves for (a) MgNaPO4 and (b) Mg4Na(PO4)3 
and the bulk densities of ceramic samples after sintering at different 
temperatures for (c) MgNaPO4 and (d) Mg4Na(PO4)3.

Figure 2 Microstructure of the ceramics based on (a) MgNaPO4 and  
(b) Mg4Na(PO4)3 after sintering at different temperatures.
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Figure 3 EDX element maps (Mg, Na, and P) of the ceramic material 
based on MgNaPO4 sintered at 1000 °C.
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