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Abstract
Glass microspheres with the exact stoichiometry of åkermanite (Ca2MgSi2O7), one 
of the most promising modern bioceramics, were produced by the flame synthesis 
method. The distinctive high cooling rate was found to prevent the crystallization; the 
size of amorphous microbeads could be correlated with the size of partially crystal-
lized precursor powders, deriving from conventional melt quenching and milling. The 
glass microspheres were characterized in terms of crystallization and sintering behav-
ior, in the perspective of applications in additive manufacturing of åkermanite- based 
scaffolds. The results showed that merwinite (Ca3MgSi2O8) is the primary product 
of glass devitrification; only in a second stage, merwinite reacts with the residual 
glass and yields åkermanite. The rapid crystallization, implying limited viscous flow 
sintering, was tested as an opportunity to create components with complex porosity 
distribution.
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1 |  INTRODUCTION

Due to controllable mechanical properties and degradation 
rate, åkermanite (Ca2MgSi2O7) bioceramics have received 

significant attention for the production of scaffolds for bone 
tissue engineering.1– 3 The typical route to åkermanite bioc-
eramics consists of the sintering of powders previously pre-
pared by sol- gel processing4; the thermal transformation of 
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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silicone polymers, added with oxide fillers, may provide a 
valid alternative for direct synthesis,1– 2 but there are issues 
of phase purity may arise due to the addition of B- based 
fluxes.

A further alternative may be represented by a glass route, 
according to which a glass with stoichiometric åkermanite 
composition is first formed and then crystallized into the 
desired silicate. Åkermanite- based materials can be effec-
tively prepared by glass melting and subsequent conversion 
into glass- ceramics using an appropriate heat treatment but 
again, in non- stoichiometric conditions (e.g., from a SiO2– 
Al2O3– B2O3– MgO– CaO– Na2O– CaF2 system).5 The syn-
thesis of glass with the exact stoichiometry of åkermanite is 
challenging, due to the high crystallization rate, but attrac-
tive, in the perspective of obtaining scaffolds from sinter- 
crystallization treatments, that is, by the crystallization of 
powders upon viscous flow sintering of porous preforms, 
for example, determined by foaming or additive manufac-
turing (“3D printing”) of the same powders, with added or-
ganic binders.6

Flame synthesis is a practical approach to produce micro- 
sized amorphous powders by applying high cooling rates and 
thus preventing crystallization; interestingly, the powders 
are nearly perfectly spherical.7 Due to their regular shape, 
microspheres are more suitable for applications in additive 
manufacturing than conventional powders, especially due to 
their superior flow properties. In stereolithography- based 3D 
printing, the reduced mutual friction implies a decrease of the 
viscosity in printable particle suspensions of photocurable 
binders, enabling higher solid loadings, a higher UV curing 
depth, and improved the dimensional stability of the printed 
objects.8,9 For powder- based 3D printing technologies such 
as powder- bed binder jetting, multi- jet fusion, selective laser 
sintering, or selective laser melting, the rolling of spheroids 
of a controlled size undoubtedly helps the material transport, 
in the form of a thin layer, from the powder bed platform 
(moving upwards) to the printing bed platform (moving 
downwards), improving both printing accuracy and homoge-
neity of heating.10– 12

The shaping of scaffolds, using additive manufacturing 
methods, is just a starting point. Especially in the field of 
bioceramics, the properties are largely affected by the sin-
tering conditions. On the basis of a porous preform, before 
sintering, the complete densification of struts is not al-
ways desirable.1 Components with a complex pore distri-
bution are becoming increasingly attractive for improved 
cell attachment, growth, and differentiation, as well as 
vascularization.13,14

The present paper is aimed at providing fundamentals of 
the sintering and crystallization of åkermanite glass- ceramics 
with stoichiometric composition, starting from glass micro-
spheres produced by flame synthesis. The results of a pre-
liminary additive manufacturing (AM) study are also shown.

2 |  EXPERIMENTAL PROCEDURE

Åkermanite glass powders were prepared by the conven-
tional melt quenching method, using highly pure SiO2, 
CaCO3 (Centralchem), and MgO (Penta) as raw materials. 
The powders were first homogeneously mixed using a rotat-
ing mill for 1 h, then introduced in a Pt- 10% Rh crucible, and 
heated at 1550°C, for 2 h. After ensuring the homogeneity 
by repeated swirling, the melt was poured into cold water, 
obtaining coarse glass- ceramic fragments. These fragments 
were crushed into fine powders by dry ball milling (Fritsch 
GmbH). The powders were separated into four size fractions, 
100– 80, 80– 63, 63– 40, and 40– 25 µm, by mechanical sieving 
(Retsch).

Glass microspheres were produced using the flame spray 
synthesis method.15 The synthesis equipment is assembled 
vertically and comprises: (i) a powder feeder with an adjust-
able diaphragm, ensuring a constant flow rate of precursor 
particles; (ii) oxygen– methane torch operating at fuel to oxy-
gen ratio of 5:1 with a flame temperature of ca. 2200°C; (iii) 
water spray quenching system located at 10 cm of the flame 
torch; (iv) powder collecting tank, containing distilled water. 
A scheme of the experimental set- up is shown in Figure 1. 
Irregularly shaped particles were fed to the flame spray and 
the synthesized particles were collected at the bottom. Glass 
microbeads were finally separated from the suspension me-
dium, by microfiltration through a ceramic filter with a pore 
size <0.3 μm.

The mineralogical analysis was performed using an 
X- ray powder diffractometer (Panalytical Empyrean, 
Malvern Panalytical) using Cu anode (Kα1  =  1.5406  Å 
and Kα1  =  1.5444  Å) equipped with a nickel Kβ filter. 
The high- temperature X- ray diffraction experiments were 
performed in the temperature range 25– 1200°C, using the 
powder diffractometer equipped with a high- temperature 
cell (Anton Paar HTK 16), with Pt heating strip used as the 
sample holder. The temperature was increased at a constant 
heating rate of 10°C min−1. The diffraction data were eval-
uated using the software High Score Plus (v.3.0.4, Malvern 
Panalytical) supported by Crystallographic Open Database 
(COD_2013). The diffraction data were analyzed using 
the Rietveld refinement technique by utilizing the MAUD 
software (University of Trento); the quantitative determi-
nations were carried out by refining the background, lattice 
parameters, and average crystallite size of selected silicate 
phases.

The glass transition temperature and the crystalliza-
tion behavior of microspheres were studied using differ-
ential scanning calorimetry; about 50 mg samples were 
placed in platinum crucibles and heated up to 1300°C 
at the constant heating rates of 5, 10, and 20°C  min−1 
using a simultaneous thermal analyzer, STA (Jupiter 
449 F1, Netzsch). Ready to press granules were made by 
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   2  |   METHOD 
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 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 
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components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
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(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 
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adding a few drops of PVA solution (4 wt% in DI water) 
to the powder, mixing, and passing through a stainless 
steel sieve with a screen of 1 mm mesh: afterward, cy-
lindrical pellets of 8 mm diameter, and 3– 4 mm height 
were produced by uniaxial pressing at 20 MPa. Sintering 
was carried out in a thermomechanical analyzer, TMA 
(TMA 402 Hyperion, Netzsch) by heating the sam-
ples to 1300°C, at constant heating rates of 5, 10, and 
20°C min−1; pellets were located between alumina plates 
to ensure the uniform distribution of the applied load 
of 0.1  N. The morphology was examined by scanning 
electron microscopy (SEM, JEOL 7600 F) using an ac-
celerating voltage of 20 kV. The semiquantitative chem-
ical analysis was carried out using an Energy Dispersion 
X- Ray Spectrometer (EDS, Oxford Instruments) within 
Aztec systems (Oxford Instruments) with the ZAF (Z- 
atomic number, A- X- ray absorption, F-  X- ray fluores-
cence) matrix correction method.

The density of glass microspheres and the final density of 
sintered bodies were measured following Archimedes’ prin-
ciple in deionized water.

The rheological properties of suspensions comprising a 
high- quality UV photosensitive 405 nm liquid acrylate resin 
(Prusa Resin- Tough, Prusa Research a.s.) and glass powders 
were studied by measuring the shear stress as a function of 
shear rate in the range of 1– 450 s−1 at the constant tempera-
ture of 20°C using a stress- controlled rheometer (HAAKE 
MARS III, Thermo- Scientific). Samples with similar 
thermo- rheological history were produced by subjecting the 
suspensions to a shear rate of 450 s−1 for 60 s followed by a 
rest for 30 s before the measurements. The powders from the 
40– 25 µm size fraction (for both the irregular precursor pow-
ders and the microspheres) were used. Mixtures comprising 

4.5 g of the photocurable organic resin for stereolithography- 
based 3D printing and 0.5 g of precursor powders/glass mi-
crospheres were produced.

A reticulated scaffold, with cubic cells, was manufac-
tured by stereolithography (Original Prusa SL- 1, Prusa 
Research s.r.o) of åkermanite microspheres in the same 
acrylic resin used for viscosity measurements, but for a 
solid loading of 60 wt%. The printer was operating in the 
visible light range— between 400 and 500 nm, with a layer 
thickness of 50 µm (exposition lasting 7 s for each layer). 
The firing was performed at 1000°C, for 1 h, after binder 
burn out (at 600°C).

F I G U R E  1  Schematic diagram 
of the manufacturing route for glass 
microspheres

F I G U R E  2  XRD patterns of precursor powders and microspheres
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3 |  RESULTS AND DISCUSSION

3.1 | Effect of the synthesis method

Figure 2 shows the diffraction patterns of synthesized pow-
ders, obtained by melt- quenching before and after flame 
synthesis. Powders with various particle sizes were used as 
the precursor for flame synthesis. While the diffraction pat-
tern of the precursor powder contained peaks attributable 
to merwinite (Ca3MgSi2O8) and traces of åkermanite, the 
flame synthesized powders were XRD amorphous. After 
melt- quenching, there was no diffraction peak ascribable to 
raw materials; this indicates that merwinite and åkermanite 
were formed during quenching simultaneously. The higher 
cooling rate of flame synthesis, compared to the conven-
tional quenching method, was confirmed to prevent any 
crystallization.

3.2 | Effect of particle size and feeding rate

Figure 3 shows the SEM micrographs of glass microspheres 
produced from the precursor powder having a size range 
of 25– 40, 40– 63, 63– 80, and 80– 100  µm; the powder was 
fed to the flame synthesis apparatus at ~2.5, ~8.0, 15.0, and 
~20.0 g min−1, respectively. The flame synthesis produced 
spherical particles whose diameter was proportional to the 
initial powder size. It should be noted that the feeding rate is 
a crucial parameter in the production of fine microspheres, 
particularly <40 µm. Agglomeration of the precursor pow-
der took place when using the fraction <40 µm. As a result, 
unmelted particles were detected after flame synthesis. The 
complete melting of precursor particles is affected by the du-
ration of their exposure to high temperature, that is, to the 
“time of flight” between the combustion chamber of the torch 
and the water sprays. It is interesting to compare the time 

F I G U R E  3  SEM micrographs of microspheres prepared from different feed particle ranges; (A) 40– 25 µm, (B) 63– 40 µm, (C) 80– 63 µm, (D) 
100– 80 µm
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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of flight for particles with different particle sizes. We can 
imagine that the stream of flame exerts constant pressure on 
spherical particles and accelerates them; the acceleration is a 
function of particles radius, r, following:

where P and ρ are the exerted pressure and the density of par-
ticles, respectively. Since the carrier gas pressure can be ne-
glected compared to the flame gases, the time of flight is equal 
to:

where x is the distance between the torch and the water sprays. 
Although Equation 2 is a conservative estimation, it shows that 
the smaller particles are exposed to the high temperature for a 
shorter time. For instance, particles with a diameter of 80 µm are 
exposed to high temperature almost twice as long as the 25 µm 
particles (t80/t25 ≈1.8). This may account for the partial melting 
of the small particles.

Table 1 shows the EDX results of the precursor powders 
and the corresponding representative glass microspheres. 
The precursor composition matched well the stoichiometry 
of åkermanite. No significant change in the chemical compo-
sition was observed after spheroidization.

3.3 | Crystallization kinetics

Figure 4 shows the DSC thermograms at various heating rates 
for as- produced microspheres [40– 25 µm] between 200 and 
1300°C. The first change in the base- line corresponds to the 
glass transition temperature (Tg) and shifts to the higher tem-
perature with the increase of heating rate: 650 and 700°C for 
the samples subjected to a heating rate of 5 and 20°C min−1, 
respectively. The DSC curves exhibited a complex exo-
thermic peak between 800 and 900°C. In samples heated at 
5°C min−1, the peak is a convolution of an intense peak with 
peak temperature (Tp) at 820°C corresponding to the crystal-
lization of a first phase (phase I, merwinite as evidenced by 
HT- XRD analysis discussed later) and a less intense one at 
870°C, corresponding to the crystallization of a second phase 
(phase II, later identified as åkermanite). Tp shifts to higher 
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Sample
MgO 
(wt%) SiO2 (wt%)

CaO 
(wt%)

Theoretical (2CaO·MgO·2SiO2) 14.8 44.1 41.1

Precursor powder 15.9 ± 0.5 44.3 ± 0.2 39.8 ± 0.3

Microspheres from sieved precursor (100– 80 µm) 15.2 ± 0.4 44.5 ± 0.3 40.3 ± 0.5

Microspheres (80– 63 µm) 15.6 ± 0.5 43.7 ± 0.2 40.7 ± 0.3

Microspheres (63– 40 µm) 15.4 ± 0.3 43.6 ± 0.1 41.0 ± 0.2

Microspheres (40– 25 µm) 15.6 ± 0.4 43.6 ± 0.3 40.8 ± 0.4

T A B L E  1  Chemical composition 
of precursor powders and microspheres 
measured by EDX

F I G U R E  4  (A) DSC curves of microspheres subjected to heating to 1300°C using constant heating rates of 5, 10, and 20°C min−1; (B) 
crystallization fractions (%) estimated from the DSC peaks
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 
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temperatures and becomes stronger when higher heating 
rates are used. No other significant events were detected by 
heating the samples to 1300°C.

The crystallization behavior of samples was further stud-
ied by determining the fraction of crystallized phases as a 
function of temperature, T; the complex peak was deconvo-
luted by assuming it as composed of two crystallization peaks 
and fitted by Voigt function; then, the crystallization fraction, 
X, was determined using:

where J is the heat flow recorded by DSC measurements, and 
TC and TE are the crystallization temperature and the final tem-
perature of the crystallization, respectively. Figure 4B shows 
the crystallization fraction for phase I and phase II at different 
heating rates as a function of temperature.

Using the analogy of the crystallization curves with the 
densification progress during sintering, and by assuming that 
a single mechanism is responsible for crystallization of each 
phase, master kinetic curves, MKC, can be constructed to de-
termine the apparent activation energy of crystallization.16,17 
The MKC equation is given by

where ψ(X) includes the crystallization fraction and is as-
sumed to be independent of temperature and time. The param-
eter θ(T, t), which includes time and temperature- dependent 
terms, is given as:

where Qapp
cry is the apparent activation energy of crystalli-

zation, t and t0 being the time and time corresponding to the 
glass transition temperature. The master kinetic curves were 
constructed following the approach reported by Torrens- 
Serra et al.16 Figure 5 shows the rate of crystallization frac-
tion against logθ and the estimated apparent activation energy 
of crystallization for phase I and phase II.

3.4 | Densification

Figure 6A shows the linear shrinkage of the pellets as a func-
tion of temperature upon heating at a constant rate of 5, 10, 
and 20°C  min−1. The first shrinkage of pellets occurred at 
~250°C and is related to the binder burn out and water evapo-
ration; samples exhibit a relatively slow shrinkage followed 

by a rapid one at a temperature above the glass transition 
temperature, 650°C. The former is due to the “first shrink-
age” as termed by Pascual et al.,18 and the latter is a result of 
densification by viscous flow. The shrinkage curve reaches 
a plateau at ca. 850°C; the onset temperature of events shifts 
to the higher temperature when higher heating rates are used.

Table 2 summarises the relative density and open porosity 
of the samples produced by heating up to 1300°C at different 
heating rates.

Figure 6B shows a representative example of the polished 
cross- section of a pellet subjected to heating up to 1300°C at 
a constant heating rate of 5°C min−1. Although the touching 
area (early- stage neck growth) has grown significantly (h/d 
≈0.5), the shape and radius of spheres remained unchanged 
during the sintering; this allows treating the microspheres as 
linear viscous materials during the sintering. Moreover, the 
viscosity of glass can be expressed as an Arrhenius function 
of temperature: 

By considering the similarity of the viscosity correlation 
with temperature to that of material diffusion, D = D0·e

−Q/RT, 
the concept of master sintering curve can be extended to the 
viscous flow, Equations 4 and 6, to determine the activation 
energy of the viscous flow.19,20 To this end, the instantaneous 
density of samples was calculated using the dilatometry re-
sults following the approach reported by Pouchlyet al.,21 and 
assuming the samples undergo isotropic shrinkage. Then, the 
master sintering curve was constructed following the method 
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F I G U R E  5  Estimated crystallization rates (dX/d log θ) calculated 
using the master kinetic curve approach, and corresponding “apparent 
activation energy of crystallization” of phase I and phase II
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 
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described elsewhere.22– 24 Figure 7 illustrates the master 
curve developed for sintering of samples below 850°C (be-
fore crystallization). The apparent activation energy of sin-
tering is then estimated to be 300 kJ mol−1, which is in good 
agreement with the activation energy for the viscous flow of 
glasses with a similar composition.25

3.7 | Rheological properties of the 
suspensions of glass microspheres

The effect of particles shape on the rheological properties of 
glass powder/resin mixtures was quantified in terms of spe-
cific viscosity, ηsp:

where η is the viscosity of the suspension, and η0 the viscosity 
of the resin. Figure 8 shows shear stress as a function of shear 
rate obtained from rheological experiments for suspensions 

comprising of microspheres or irregular- shape particles at 
20°C. The measured data for the photocurable organic resin are 
also shown for comparison. All samples exhibited an almost 
perfectly linear Newtonian behavior, but the suspension con-
taining irregular particles was characterized by a higher viscos-
ity. The specific viscosity of the suspension with irregular glass 
particles was close to ηsp = 0.4. The use of microspheres led to 
a specific viscosity of ca. 0.1, confirming the assumption that 
the use of microspheres improves the flowability of the suspen-
sion; this undoubtedly encourages the fabrication of architected 
structures with macroscopic porosity.

Preserving the produced pores during sintering is a pre-
requisite for the fabrication of hierarchical porosity required 

(7)�sp =
�

�0

− 1.

F I G U R E  6  (A) Shrinkage of pellets subjected to heating at constant rates of 5, 10, and 20°C min−1 to 1300°C; (B) cross- section of bodies 
sintered at 1300°C using the heating rate 5°C min−1 (radius of spheres, r: 15 µm and the neck radius: 7 µm)

F I G U R E  7  Master sintering curve calculated for samples heated 
to 1300°C at 5, 10, and 20°C min−1

T A B L E  2  Relative density, calculated with respect to the 
theoretical density (2.6 g cm−3), and open porosity of samples 
subjected to conventional sintering by heating to 1300°C at 5, 10, and 
20°C min−1

Heating rate (°C)
Relative density 
(%)

Open 
porosity

5 59.8 (0.4) 22.5 (0.3)

10 63.2 (0.7) 19.6 (0.9)

20 63.8 (0.3) 19.2 (0.4)

The numbers between parentheses represent the measurement error.
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
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and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
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tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
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a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  
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modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
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calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 
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for bone tissue engineering.26 The sintering kinetics of glass- 
ceramics is affected by (i) the crystallization of glass and (ii) 
the densification of the green body due to viscous flow.

3.8 | Phase evolution and preliminary 
AM test

The previously mentioned phases, phase I and phase II, were 
identified as merwinite (Ca3MgSi2O8, COD#99- 900- 0226) 
and åkermanite (Ca2MgSi2O7, COD#99- 900- 0178), respec-
tively. Merwinite was dominant at lower temperatures, ac-
cording to “dynamic” mineralogical analysis, shown in 
Figure 9A and B (samples heated at 10°C min−1 and left for 
18 min at each temperature step). At 850°C, the formation 
of åkermanite could be appreciated only after 30 min (iso-
thermal study in Figure 9C). Merwinite probably originated 
from CaO- richer zones, and its formation was kinetically fa-
vored by its simpler crystal structure, comprising “insular” 
SiO4 groups surrounded by Ca2+ and Mg2+ ions,27 compared 

F I G U R E  9  Mineralogical analysis of microspheres after sintering: (A and B) at increasing heating temperature; (C) for several holding times 
at 850°C (D) for 1 h at 1000°C

F I G U R E  8  Shear stress vs shear strain rate curves of glass- filled 
photocurable resin
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
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The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
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day databases of thermodynamic properties comprising the 
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multicomponent glass systems, the needed thermodynamic 
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obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
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 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
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lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
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with that of åkermanite, known to correspond to the sand-
wiching of Ca2+ ions between Mg- silicate sheets.28 In other 
words, the glass microspheres evolved, with firing temper-
ature and firing times, toward the conditions of thermody-
namic stability (crystal phase of the same stoichiometry), by 
ionic interdiffusion.

The preliminary separation of merwinite within an Mg- 
silicate residual glass matrix, can be seen as a key condition 
for the “freezing” of viscous flow, with the stabilization of 
shrinkage, already at about 850°C, in agreement with the 
results of the TMA analysis, showing an abrupt end of den-
sification at T > 800°C (Figure 6A). From the perspective 
of tissue engineering applications, the presence of merwinite 
cannot be considered an issue, since also this phase is recog-
nized as an excellent biomaterial.27

An example of the possible exploitation of the freezing of 
viscous flow operated by crystallization in the manufacturing 
of scaffolds with multiform porosity is illustrated by Figure 10.  
According to the rheological study, glass microspheres could 
be used, suspended in photocurable resin, in high amounts, 
and shaped by stereolithography into a reticulated scaffold 
with cubic cells. The high solid loading, in maximizing the 
packing, prevented an extensive sliding of particles after 
debinding; the crystallization, upon firing at 1000°C, pre-
vented the coarsening of particles and the viscous collapse 
of struts. A total porosity of 73%, completely open, derived 
from the overlapping of macropores of the geometrical model 
adopted for printing (Figure 10A) and interstitial micropores 
(Figure 10B).

The adopted sintering temperature (1000°C), sup-
ported by a relatively long holding time (1  h), determined 

an inversion in the proportion between silicates, with mer-
winite much less abundant compared to åkermanite (Figure 
9D). The latter likely formed in two polymorphic variants 
(besides COD#99- 900- 0178, also in the variant described by 
COD#99- 900- 0012).

Future work will be dedicated to variation of printing condi-
tions (processing parameters, scaffold geometry) and sintering 
conditions (temperature, duration, heating rate), for the gener-
ation of a multitude of åkermanite- based porous bioceramics.

4 |  CONCLUSIONS

The main findings of this study can be summarized as follows:

• A homogeneous glass with åkermanite (Ca2MgSi2O7) 
stoichiometry cannot be obtained by conventional melt 
quenching process, owing to the remarkable devitrification 
tendency of the system, upon cooling;

• The partially crystallized material from the cooling of 
an åkermanite melt, finely powdered, can be considered 
feedstock for the obtainment of fully amorphous micro-
spheres by flame synthesis; for the precursor powder frac-
tion below 40 µm, particle agglomeration could be avoided 
only when operating at a low feeding rate (<2.0 g min−1). 
Larger precursor powder particles allowed a high feeding 
rate (up to ~20.0 g min−1, for 100– 80 µm fraction of the 
precursor powder);

• The spherical shape of microspheres effectively led to an 
improvement in the fluidity of resin/particle suspensions, 
to be used in additive manufacturing applications;

F I G U R E  1 0  Example of a cubic- celled 3D scaffold (A) from sinter- crystallization of åkermanite microspheres at 1000°C, for 1 h, with 
evidence of interstitial voids (B)
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 
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• A careful study of the crystallization of the microspheres 
confirmed the formation of merwinite (Ca3MgSi2O8) as a 
preliminary phase in the system devitrification;

• The crystallization of åkermanite glass may be exploited 
for controlling the viscous flow sintering; highly porous 
scaffolds for bone tissue applications may easily feature 
macroporosity from printing, as well as many additional 
interstitial pores between adjacent particles, from incom-
plete densification.
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covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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