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Abstract

The crystallization behavior of the bioactive silicate glass “1d” was analyzed using non-
isothermal conditions through differential scanning calorimetry (DSC). The plots carried
out at different heating rates showed only one crystallization peak. The activation energy
for crystallization was calculated through the equations proposed in the Kissinger and
Matusita–Sakka models. The Johnson–Mehl–Avrami coefficient (n) was estimated by
applying Ozawa and Augis–Bennet methods, resulting in a two-dimensional crystal growth.
Crystalline phases which developed during high-temperature treatment were analyzed by
X-ray diffraction and scanning electron microscopy. The activation energy for viscous flow
was estimated to be 513 kJ/mol, which is lower than the activation energy for crystallization
(539 kJ/mol). The Malek test highlighted that the crystallization process was more complex
than a simple nucleation-growth mechanism. The sinterability parameter and Hruby
coefficient showed the high stability of 1d glass against crystallization, which makes this
bioactive material highly appealing for producing well-sintered products of biomedical
interest, such as bioactive porous scaffolds for bone regeneration.

Keywords: bioactive glass; glass-ceramic; thermal analysis; crystallization

1. Introduction
The origin of bioactive glasses dates back to the years 1967–1969 at the University of

Florida (USA), where a research team led by Prof. Larry Hench developed and charac-
terized different glass compositions belonging to the SiO2-Na2O-CaO-P2O5 quaternary
system [1]. Specifically, the formulation 45SiO2-24.5Na2O-24.5CaO-6P2O5 (wt.%), referred
to as 45S5 and later trademarked as Bioglass®, was selected as the most promising one
because of its easy melting and high CaO-to-P2O5 ratio (similar to that found in the mineral
phase of human bone), which allowed this biomaterial to be “surface-active” and react in a
physiological environment with living tissues. Experiments carried out on 45S5 Bioglass®

showed an excellent biocompatibility and capability to stimulate bone regeneration [2].
Many in vitro and in vivo tests were then performed on such a glass to prove its extraordi-
nary ability to bond to bone through the formation of an interfacial layer of nano-crystalline
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hydroxyapatite, as well as its potential to stimulate bone cells towards a path of high viabil-
ity and osteogenesis [3]. Further studies revealed the ability of the 45S5 glass composition
to bond to non-mineralized soft tissues, too, thereby broadening the horizons in tissue
engineering applications [4,5].

Since then, many other bioactive glass systems have been designed, developed and
characterized by scientists working in the field; these biomaterials are typically categorized
in three main groups according to the main former oxide, i.e., SiO2-, B2O3- and P2O5-based
bioactive glasses.

In silicate glasses, such as the well-known 45S5 Bioglass®, the amorphous network is
formed by basic units of (SiO4)4− tetrahedra where each bridging oxygen is coordinated
by two silicon cations (Si–O–Si), thus resulting in relatively open structures which can be
easily disrupted upon contact with biological fluids.

In the late 1990s, borate and borosilicate glasses were first proposed for bone-repair
applications [6]. Such glasses, being highly reactive in aqueous media, exhibit a lower
chemical durability compared to silicate materials, yielding the faster formation of a surface
layer of hydroxyapatite faster [7].

In the same period, phosphate glasses were also introduced as highly resorbable
materials for biomedical applications [8]. In nature, the phosphate group (PO4)3− exists as
a tetrahedral structural unit, which is intrinsically asymmetric. P–O–P bonds undergo easy
hydration and thus promote the fast solubility of these glasses in biological fluids with
kinetics ranging from hours to weeks, depending on the glass composition [9].

In general, the bioactivity mechanism relies on the dissolution of the amorphous
fraction of glass upon contact with bio-fluids. However, during high-temperature post-
processing treatments (e.g., sintering of glass particles, consolidation of coatings), bioactive
glasses may undergo devitrification [10]. This involves the partial conversion of the glass
into crystalline domains, yielding the development of glass–ceramic products. While this
is beneficial from a mechanical viewpoint (e.g., improvement of hardness, strength and
toughness which are key, for example, in dental applications [11]), on the other hand,
the nucleation and growth of crystalline phases reduce the volume of the glassy fraction
and, hence, the bioactivity. The nature of the crystalline phases that develop in the par-
ent glass strongly depends on material composition. Heat-treated glasses based on the
SiO2-CaO-Na2O system tend to typically form sodium–calcium–silicate phases: for exam-
ple, 45S5 and S53P4 (53SiO2-23Na2O-20CaO-4P2O5 wt.%) glasses devitrify at 550–600 ◦C
into combeite-like phases (Na2CaSi2O6 [12] and Na2Ca2Si3O9 [13], respectively). Other
bioactive glasses in the CaO-MgO-SiO2 system form diopside (CaMgSi2O6) and wollas-
tonite (CaSiO3) crystals [14].

With regard to the last class, the multicomponent bioactive glass “1d” (BG1d; com-
position 46.1SiO2-28.7CaO-8.8MgO-6.2P2O5-5.7CaF2-4.5Na2O wt.%) has attracted great
attention by researchers over the last years; the genesis and application of this biomate-
rial have been comprehensively reviewed in a recent publication [15]. BG1d has a fast
apatite-forming ability in simulated body fluid (SBF) [16] and exhibits good in vitro (cell
culture) and in vivo performances (rabbit model), with low inflammatory cell infiltration
and excellent biocompatibility [17]. A comparative study also showed that BG1d is asso-
ciated with larger cell viability and proliferation compared to 45S5 Bioglass® used as a
reference, which was probably due to the lower Na amount—yielding a milder pH rise
and alkalinity in aqueous media—and the release of Mg ions exerting a stimulatory effect
on osteoblasts [18]. BG1d particles were clinically used in 45 human volunteers for the
treatment of jawbone defects after cystectomy operations, leading to complete bone regen-
eration at 2 postoperative months [15]. BG1d-derived porous scaffolds with trabecular
architecture were produced by both the foam replica method [19] and additive manufac-
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turing (vat photopolymerization) [20]. The mechanical properties and machinability of a
set of BG1d-derived glass–ceramic products were investigated for potential use in dental
applications [21,22].

The study of crystallization behavior is key to properly design the fabrication route
and features of devitrified materials. In this regard, early results were reported by
Dimitriadis et al. [23], who analyzed the sinter-crystallization of bulk samples as well
as BG1d particles with a size of 32 µm. However, a devitrification mechanism also de-
pends on size effects, i.e., smaller glass particles yield a shift in the crystallization onset to
lower temperatures [24]. In order to gain further knowledge on this matter, the present
study aims at investigating the crystallization behavior of finer BG1d particles, which—for
example—were recently used for producing 3D-printed porous scaffolds [25] that need to
be consolidated through high-temperature thermal treatment.

2. Materials and Methods
2.1. Fabrication of Glass and Glass–Ceramics

Bioactive glass (BG1d) in the oxide composition of 46.1SiO2-28.7CaO-8.8MgO-6.2P2O5-
5.7CaF2-4.5Na2O (wt %) was produced by melting at 1450 ◦C according to a procedure
described elsewhere [26], cast in water, ball-milled using a planetary mill (Pulverisette 6,
Fritsch, Idar-Oberstein, Germany) and eventually sifted below 25 µm. This particle size
was previously demonstrated by the authors to be suitable for producing bone-like porous
scaffolds by additive manufacturing technologies [20]. Bulk glasses (free of crystalline
inclusions, as verified by X-ray diffraction analysis) were fabricated by casting the molten
material into preheated bronze molds, followed by an annealing process at 650 ◦C for 1 h.
This annealing temperature was selected to be close to the glass transition temperature.

2.2. Thermal Analyses and Assessment of Crystallization Kinetics

In order to determine the thermal properties of the glass, differential scanning calorime-
try (DSC 404 Netzsch, Netzsch, Selb, Germany) was performed on 25 mg of powder in a
platinum crucible with four different heating rates β (10, 20, 30 and 40 ◦C/min) from room
temperature to 1400 ◦C. Four characteristic temperatures of BG1d were assessed, i.e., glass
transition (Tg), crystallization onset (Tx), crystallization peak (Tp) and melting (Tm).

The crystallization kinetics were evaluated using different approaches to determine
the activation energy and identify the crystallization mechanism. The activation energy
for the crystallization process was determined using non-isothermal conditions. The first
approach adopted was the classical Kissinger method, which assumes a constant number of
nuclei during transformations. Hence, the Kissinger equation is expressed as follows [27]:

ln
β

Tp
2 = −

Ec,k

RTp
+ constant (1)

where Ec,k is the apparent activation energy. A linear plot of ln β

TP
2 vs. 1

TP
yields a slope

from which the activation energy can be extracted. However, this method assumes that
nucleation is complete prior to crystal growth, which may not be valid for systems where
nucleation continues during the thermal scan. In order to account for this and avoid
underestimating the value of the activation energy, the more general Matusita–Sakka
equation was then applied, modifying the previous model as follows [28]:

ln
βn

Tp2 = −mEc

RTp
+ constant (2)
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where n is the Johnson–Mehl–Avrami (JMA) exponent and m is a factor that describes the
dimensionality of crystal growth (ideally, m = 1 means one-dimensional rod-like crystals,
m = 2 means two-dimensional plate-like crystals and m = 3 means three-dimensional
sphere-like crystals) [29]. When crystal nucleation occurs during the thermal program, we
have m = n − 1. By plotting ln βn

TP
2 vs. 1

TP
, the slope line gives −mEC

R , from which the true
activation energy can be calculated.

The activation energy associated with viscous flow (Evf) was evaluated using a
Kissinger-type analysis [30]. This approach assumes that the temperature corresponding
to the glass transition (Tg) shifts with heating rate in a manner analogous to crystalliza-
tion processes. The applied model involves plotting ln β

Tg
2 vs. 1

Tg
. The resulting linear

relationship has a slope equal to −Evf
R , from which the value of Evf is directly calculated.

The JMA coefficient n, which may give information about the dimensionality of crystal
growth, has been quantified first by applying the Ozawa equation [31]:

−n =
d(ln(−ln(1 − χ))

d(lnβ)
(3)

where χ denotes the fraction of material crystallized at a specific temperature. The values
of χ were derived from DSC thermograms, being calculated as the ratio of the area under
the curve up to a chosen temperature and the total area under the exothermic peak. By
plotting ln(−ln(1 − χ)) vs. lnβ, a linear trend was obtained with the slope of this line
corresponding to the value of n. The final value of n was reported as the mean ± standard
deviation of the slopes of the different plots.

The second method used for determining n was the Augis–Bennet equation [32]:

n =
2.5RT2

p

∆TFWHMEC
(4)

where TP is the peak temperature of crystallization, ∆TFWHM is the full width at half
maximum of the exothermic peak, EC is the activation energy and R is the universal gas
constant (R = 8.314 J/mol K). For this approach, the value of n was computed individually
for each heating rate and presented as mean ± standard deviation.

As a final step, the validity of the JMA model in this specific study was discussed by
applying the Malek test [33]. To ensure the applicability of the model, the crystallization
rate dχ should depend on the crystallized volume fraction χ at the temperature T. This
assumption can be tested using a probe function z(χ) ∝ dχ, which, under non-isothermal
conditions, is defined as follows:

z(χ) = ΦT2 (5)

where Φ is the specific heat flow obtained from the DSC thermograms.
The JMA model is fully appropriate if the crystallization rate dχ/dt depends only

on the fraction χ of crystallized material and the temperature T (i.e., in other words, the
thermal history of the materials should not affect the crystallization mechanism). These
conditions are verified—and hence the JMA model is valid—if the peak of z(χ) occurs at
χ = 0.63 ± 0.02 [34].

2.3. Characterization of Samples

BG1d-derived glass–ceramic (GC1d) specimens were fabricated by compacting
glass powders and subsequently subjecting these “green” bodies to a controlled sinter-
crystallization process. BG1d fine powder (with particle size < 25 µm) was mixed with
2.5 vol.% polyvinyl alcohol (PVA) solution (the glass powder/PVA weight ratio was
97.5:2.5). Parallelepiped samples (5 × 4 × 40 mm3) were prepared by uniaxial press-
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ing at about 200 bar. According to the results of the DSC analysis, the heat treatment of
the samples (air atmosphere) comprised the following stages: (i) slow heating at 3 ◦C/min
up to 450 ◦C with a dwell time of 2 h being applied for de-binding; (ii) further heating at
5 ◦C/min up to the “sintering window” temperature, with a dwell time of 30 min; (iii) fi-
nally, the bar was heated again at 5 ◦C/min up to the final temperature Tp with a dwell time
of 1 h. Then, the specimens were left to slowly cool down to room temperature inside the
furnace. The produced GC1d bars were rectified and their surfaces were polished (mirror
finishing) using SiC papers (grid from 200 to 1200); finally, diamond pastes down to 1 µm
grain size were applied for ultrafine polishing (RotoPol-25, Struers, Ballerup, Denmark).

X-ray diffraction (XRD) analysis was employed to identify both the amorphous struc-
ture and the crystalline phases formed in the BG1d and GC1d samples, respectively. Mea-
surements were conducted using a D8 Advance diffractometer (Bruker AXS, Billerica, MA,
USA) with Cu Kα radiation (λ = 1.5406 Å), operating at 30 kV and 25 mA (in the range
of diffraction angles (2θ) between 20 and 60◦ with a 2θ step of 0.02◦/s). The obtained
diffractograms were matched against reference patterns from the International Center for
Diffraction Data (ICDD) database.

Morphological and microstructural analysis was carried out on both the annealed bulk
and the sinter-crystallized specimen. The specimens were prepared by mirror polishing,
finishing with 1 µm of diamond paste, and final chemical etching in a 2 vol.% HF solution
for 30 s. Observations were performed using a scanning electron microscope (SEM, model
6510 LV, JEOL, Freising, Germany) operating at 20 kV and equipped with an energy-
dispersive X-ray spectroscopy (EDS) system for elemental assessment.

3. Results and Discussion
3.1. Thermal Properties and Assessment of Crystallization Energy

Figure 1 shows the DSC graph at different heating rates β. Only one exothermic peak
is visible in all the measurements; as also shown in Table 1, the values of Tg, Tx and Tp

increase as the heating rate increases from 10 ◦C/min to 40 ◦C/min, while the melting
temperature remains constant (i.e., it is insensitive to the values of β).

Figure 1. DSC thermographs at different heating rates; the characteristic temperatures were evaluated
directly from the plots (Tg from the inflection point; Tx from the point at which the first derivative of
the DCS curve becomes positive; Tp from the exothermic peaks; Tm from the endothermic peaks).
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Table 1. Characteristic temperatures of BG1d.

β (◦C/min) Tg (◦C) Tx (◦C) Tp (◦C) Tm (◦C)

10 647.9 836.0 864.9 1238.8
20 658.0 853.0 884.9 1240.1
30 663.3 860.0 895.4 1240.1
40 666.6 865.0 909.4 1240.7

In order to analyze the activation energy, the Kissinger equation has been used, finding
an apparent activation energy Ec,k of 337 kJ/mol (Figure 2). However, this equation could
lead to an underestimation of the energy. Considering that during the thermal measurement
the number of nuclei is not constant, the dimensionality parameter m can be estimated as
m = n − 1. The Avrami exponent n was determined from Ozawa plots (Figure 3) evaluated
at different temperatures (880, 885, 890, 895 and 900 ◦C), resulting in a value of 2.85 ± 0.62
that reflects a 2D crystal growth. Knowing both n and m, the Matusita–Sakka equation was
applied to provide a more accurate evaluation of the crystallization activation energy. The
corresponding plot (Figure 4) yielded a significantly higher value of Ec = 539 kJ/mol.

Figure 2. Linearized plot of the Kissinger equation (Equation (1)) to determine the apparent activation
energy for crystallization (Ec,k).

Figure 3. Linearized plot of the Ozawa equation (Equation (3)) to determine the JMA parameter (n).
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Figure 4. Linearized plot of the Matusita and Sakka equation (Equation (2)) to determine the correct
activation energy for crystallization (Ec).

3.2. Sintering Ability Against Crystallization

The Kissinger-type plot used to evaluate the activation energy for viscous flow (Evf) is
presented in Figure 5, and the linear fit yielded a value of approximately 513 kJ/mol. The
lower value of Evf compared to Ec indicates that the energy barrier required for viscous
flow to take place is smaller than that needed for diffusion to drive crystallization in BG1d.

Figure 5. Kissinger-type plot for determining the activation energy for the viscous flow (Evf).

To further elucidate the relationship between sintering and crystallization in BG1d
particles, a few additional thermal parameters were calculated. The difference between
the onset of crystallization and the glass transition temperature, called “sintering window”
and denoted as ∆T = Tx − Tg, provides a common indicator of the glass resistance to
crystallization. The larger this value, the higher the stability and the more reduced the
tendency for rapid crystallization of a given glass upon heating. In the case of BG1d, this
difference is not very sensitive to the value of β and ranges from 181.1 ◦C (heating rate
10 ◦C/min) to 198.4 ◦C (heating rate 40 ◦C/min).

A parameter called “sinterability”, Sc = TX − TMS [35], was also proposed in order to
evaluate the kinetic competition between densification and crystallization during heating.
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Here, TMS = 768.4 ◦C represents the temperature of maximum shrinkage, determined via
hot-stage microscopy performed with a heating rate of 10 ◦C/min. For the BG1d particles
investigated in the present work, Sc is around 67 ◦C (well above zero), suggesting that
sintering can proceed independently of crystallization. In other words, sintering takes place
before the onset of crystallization, favoring high densification of the glass before significant
crystal growth, which is essential for fabricating mechanically strong glass-based products
like porous scaffolds. For comparative purposes, the sinterability of 45S5 Bioglass® was
assessed to be a negative value (<0) for melt-quenched particles sieved below 32 µm as
well as commercial powder around 5 µm [24], meaning that sintering and crystallization
are concurrent phenomena in this material regardless of particle size.

Additionally, the Hruby parameter, KH, was further calculated as follows [36]:

KH =
Tx − Tg

Tm − Tx
(6)

using the characteristic temperatures reported in Table 1 for the different heating rates β.
This parameter is used to measure the resistance of the material to devitrification—it is
conceptually similar to Sc: higher values mean higher stability of the material in the glassy
state, improved thermal stability and vitrifiability.

The values of KH obtained for BG1d range from 0.467 (heating rate 10 ◦C/min) to
0.528 (heating rate 40 ◦C/min); the value determined with a heating rate of 10 ◦C/min is
significantly higher than that reported for 45S5 Bioglass® (particle size < 32 µm) under the
same experimental conditions (KH = 0.066 [37]), underscoring the superior thermal stability
of the former over the reference benchmark.

Collectively, these parameters offer a valuable insight for optimizing the thermal
treatment of BG1d, demonstrating its well-balanced thermal profile, offering both sintering
efficiency and resistance to uncontrolled crystallization during heat processing.

3.3. Discussion of Model Applicability

To validate the calculated value of the Avrami coefficient, the Augis–Bennet method
was also employed, which, however, yielded a much higher value of n (8.13 ± 1.35). This
value is significantly higher than that reported by Dimitriadis et al. for larger BG1d particles
(32 µm) analyzed by the same method [23]. In this regard, previous studies showed that
the value of n obtained from the Augis–Bennett approach is often higher than the one
derived from the Ozawa method because each technique is based on different assumptions
about the crystallization mechanism, especially regarding nucleation behavior and crystal
growth. In some cases, the Augis–Bennett method yields larger Avrami exponent values,
which relate to the dimensional characteristics of crystal growth. The discrepancy between
the two methods is not an indication of error; rather, it reflects their distinct theoretical
backgrounds and the different ways they process the same non-isothermal data [38,39].
Therefore, a higher value of n from the Augis–Bennett method may suggest an alternative
interpretation of the crystallization process, such as more extensive volumetric growth or
an increase in homogeneous nucleation activity [40,41].

A value of n exceeding 4 (and, thus, m > 3) is often considered to reveal a complex
crystallization process, which is most probably surface-initiated [42]. This is consistent with
the small size of BG1d particles used in the present work (<25 µm), also considering that
using a small particle size often leads to surface crystallization even for glasses which would
otherwise crystallize within the bulk [43]. This can be attributed to the very large surface
area associated with fine particles, demonstrating the key role played by “dimensional
effects”. Similar discrepancies in the values of n calculated through the Ozawa or Augis–
Bennet methods were also reported by Massera et al. [38], who studied the crystallization
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of phosphate glass particles and further confirmed that the value of n increased with
decreasing glass particle size.

Indeed, the influence of the “size parameter” on the crystallization dimensionality may
lead one to question the validity of the JMA model for BG1d compositions. For this purpose,
the applicability of the JMA model was assessed using the equation and test proposed
by Malek. The normalized function z(χ) shows a typical bell-shaped profile (Figure 6),
but the peak position was found to be around 0.55 ± 0.02, indicating that the JMA model
may only approximately describe the crystallization mechanism of BG1d. Taken together,
the result of the Malek test and the discrepancy in the n values determined through the
Ozawa and Augis–Bennet methods suggest that the crystallization mechanism of BG1d
changes as a function of the heating rate β and the particle size (as from the comparison
with a previous study [23], where n = 3.8 was found for BG1d particles around 32 µm),
and it is more complex than a simple nucleation and growth process. This is consistent
with previous observations on polished cross-sections of BG1d-derived samples that were
thermally treated at different temperatures, revealing that liquid phase separations could
be directly involved in the nucleation and crystal-growth processes [44].

Figure 6. Normalized z(χ) function (Malek test).

3.4. Glass–Ceramic 1d (GC1d) Through Devitrification of BG1d

In addition to the glass composition and thermal treatment (as previously discussed),
the glass structure plays a critical role in guiding the crystallization pathway, ultimately
determining the quality of the resulting GC. In other words, the crystallization of the glasses
is stimulated by the glass structure, since liquid phase separation is directly involved in the
development of crystalline phases through nucleation and the crystal growth [14,32]. Thus,
studying the structure of glass is essential.

As mentioned in Section 2.1, the investigated BG1d were fully melted after 1 h at
1450 ◦C. The molten material exhibited good castability, resulting in transparent and
colorless glass without any visible crystalline inclusions or trapped air bubbles in the
bulk. XRD analysis confirmed the amorphous nature of the produced annealed glass
(Figure 7A). A representative SEM image of the chemically etched surface of the annealed
bulk glass specimen is shown in Figure 7B, demonstrating that the BG1d is dense and free
from defects. Furthermore, chemical etching revealed the presence of liquid–liquid phase
separation within BG1d. Two distinct morphologies of phase-separated regions are visible:
the bigger ones, marked with (i), which have an oval shape, and the tiny spots, indicated
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by (ii). Nuclear magnetic resonance (NMR) studies performed previously on this glass
system [26] demonstrated that the peaks of the 29Si NMR spectrum were associated with
the dominance of Q2 (Si) structural units with the peak maximum at −76 ppm, while the
31P NMR spectrum revealed the maximum peak position at 2.7 ppm, thus implying the
formation of calcium orthophosphate groups. This phenomenon caused the formation of
two distinct glassy phases, and the interfaces between the two separated glassy phases
created sites for heterogeneous nucleation.

(A) 

(B) (C) 

Figure 7. (A) X-ray diffractograms of annealed BG1d at 650 ◦C and sintered BG1d at 800 ◦C,
850 ◦C and 900 ◦C (GC1d samples). (B) Phase separation in annealed bulk BG1d (650 ◦C) and
(C) microstructure and EDS of GC1d (850 ◦C) with the details of diopside (D), wollastonite (W) and
fluorapatite (FA) crystals (the high peak for Si in the EDS analysis of FA phase is due to “border
effects” associated with the surrounding crystalline species).

The heat treatment process of BG1d (based on the result of thermal analysis (DSC)) led
to full dense GC. As shown in Figure 7A, the GC1d encompasses three crystalline phases,
i.e., diopside (CaMgSi2O6), wollastonite (CaSiO3) and fluorapatite (Ca10(PO4)6F2). These
crystals, embedded in a glassy matrix, were also observed (and identified by EDS elemental
analysis) in the microstructure of the produced GCs. More specifically, the microstructure
of the GC1d is mostly composed of relatively large prismatic diopside crystals and smaller
acicular wollastonite crystals. Flake-like crystals were assigned to the fluorapatite phase
(Figure 7C), which is formed due to the stronger electrostatic affinity of Ca2+ cations
for coordinating with the more highly charged orthophosphate anions compared to non-
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bridging oxygens in the silicate network. In turn, CaF2 forms mixed calcium fluoride species
that are favorable for fluorapatite precipitation. Previous quantitative XRD studies based
on Rietveld analysis for a GC1d powder compact sintered at 825 ◦C for 1 h [26] also allowed
estimation of the amounts of phases in the glass–ceramic (diopside 44.60 wt.%, wollastonite
16.07 wt.%, fluorapatite 16.94 wt.% and residual glassy phase 22.39 wt.%). The peak
intensities of XRD diffractograms in Figure 7A reveal that diopside crystallized as the major
phase, while wollastonite and fluorapatite appeared as the secondary crystalline phases.

In conclusion, considering the aforementioned points, it is evident that the formation of
crystalline phases in GC1d—produced through the controlled heat treatment of the parent
BG1d glass—is also closely related to the structural characteristics of the parent glass.

4. Conclusions
This study investigates the thermal behavior and crystallization mechanism of a SiO2-

CaO-MgO-P2O5-CaF2-Na2O bioactive glass (powder with size below 25 µm), referred
to as “1d”, under non-isothermal conditions. The results suggest that a complex crystal-
lization process takes place, being surface-initiated and dependent on the heating rate
and particle size. Hence, the crystallization process cannot be fully described by the JMA
model. The Matusita–Sakka approach provides a more reliable crystallization activation
energy compared to Kissinger’s one, while the lower viscous flow energy indicates that
densification can take place before crystallization. In other words, sintering and crystal-
lization are non-concurrent phenomena in BG1d, which is also confirmed by other thermal
parameters like the large sintering window (around 200 ◦C). The knowledge and study
of the (i) chemical composition, (ii) thermal behavior and (iii) structure of BG1d is key
for producing high-quality glass-derived products via controlled heat treatment, such as
porous scaffolds for bone tissue engineering applications and dental implants.
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