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Crystallization kinetics of gehlenite glass microspheres
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Abstract

The glass of gehlenite composition was prepared by flame synthesis in the form of microspheres. The powder precursor
was synthesised by standard solid-state reaction method using SiO,, Al,0; and CaCOj;. The prepared glasses were char-
acterized from the point of view of surface morphology, phase composition and thermal properties by optical microscopy,
scanning electron microscopy (SEM), X-ray diffraction (XRD) and differential scanning calorimetry (DSC), respectively.
The prepared samples contained only completely re-melted spherical particles. SEM did not reveal any features indicating
the presence of crystalline phases. However, traces of crystalline gehlenite were detected by XRD. The high-temperature
XRD measurements (HT XRD) were carried out to identify the phase evolution during glass crystallization. In the studied
temperature range, gehlenite phase was identified as the main crystalline phase. Non-isothermal DSC analysis of prepared
glass microspheres was carried out from room temperature up to 1200 °C at five different heating rates: 2, 4, 6, 8 and 10 °C/
min to determine the thermal properties of microspheres. In order to study the crystallization kinetics, the DSC curves were
transformed into dependence of fractional extent of crystallization (@) on temperature. The Johnson—-Mehl-Avrami—Kol-
mogorov model was found to be suitable for description of crystallization kinetics. Frequency factor A=5.56x 10% +1.73
% 10% min~!, apparent activation energy Epp=722+3KIJ mol~! and the Avrami coefficient m =2 were determined. In the
studied system, the linear temperature dependence of nucleation rate, diffusion controlled crystal growth interface and a 2D
crystal growth were confirmed.
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Introduction

Gehlenite (Ca,Al,Si0O;) is a sorosilicate from the family
of melilites, which are a large family of tetragonal, non-
centrosymmetric materials. Ca,Al,SiO; crystallizes in the
tetragonal crystal system with a space group P42, m, and
the lattice parameters of the unit cell were a=b="7.868 A
¢=5.068 A and V=299.390 A>. In the structure of the
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gehlenite, the AI**, Si** and Ca®* cations are localized at
three types of sites: AI** ions fully occupy a regular tetrahe-
dral site (T,), Si*" and AI’* ions are statistically distributed
in very distorted tetrahedral site (T,) and Ca®" ions occupy a
voluminous eightfold coordinated sites called Thomson cube
(TC) between the tetrahedral sheets (Fig. 1) [1-3].
Gehlenite is used as a constituent of building ceramic
materials and cookware. Glass of gehlenite composition
can be used in preparation of bio-soluble glass fibres and
glass ceramics. From this point of view, a thorough study
of the rheology of melts and crystallization of crystalline
gehlenite from glass is very important [5]. Due to its struc-
ture, gehlenite can be used as a host matrix for lanthanides
or transition metals. Ca,Al,SiO, doped with rare-earth ions
has been intensively investigated over the last few decades.
Doped with Nd>* ions, gehlenite exhibits a wide and inten-
sive absorption band of about 805 nm, making it a good
candidate for diode pumped laser materials [6]. Ce**-doped
gehlenite has long-lasting phosphoresce and can be used
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Fig. 1 Gehlenite structure; TC—Thomson cube, T and T,—regular
and distorted tetrahedra [Reprinted from 4]

as tunable solid laser materials in violet and blue region
[7]. The effects of the crystal field on the photoluminescent
properties of Ca,Al,SiO,/Eu’** luminophores were studied
by Yang et al. [8]. They found that the photoluminescent
properties of Eu>" are influenced by the crystal structure of
Ca,Al,Si0,, and gehlenite thus has the potential to become
a single component luminophore emitting warm white light
in the production of white LEDs. Gehlenite doped with Bi**
exhibits PL emissions in different spectral regions (visible,
deep red and NIR range) indicating the presence of Bi in
various oxidation states (Bi**, Bi>* and Bi*) [9].

Gehlenite glasses belong to aluminate glasses, whose
preparation requires high melting temperatures and high
cooling rates to avoid crystallization of the melt. Various
methods are used to produce gehlenite glasses. Moesgaard
and Yue used a melt-quench process [10]. The glasses were
prepared in a chamber furnace by melting the mixture of
Si0,, Al,O; and CaCOs in a PtygRh,, crucible. For the prep-
aration of gehlenite ceramics and glass, the authors [11] used
a process consisting of the heat treatment of silicone resin
to which CaO and Al,O; precursors in the form of nanopar-
ticles were admixed. Shih et al. [12] used a spray pyrolysis
method to prepare Eu-doped gehlenite glass particles.

Another suitable method of preparing aluminate and
thus also gehlenite glasses was described by Rosenflanz
et al. [13], who successfully prepare glasses with binary
eutectic compositions in Al,0;—RE,0; (RE=La, Gd and
Y) and the ternary compositions Al,0;-RE,0;-ZrO,.
The glasses were prepared in the form of microspheres by
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flame-spraying technique: molten droplets were prepared in
hydrogen—oxygen flame and quenched in water. Fully dense
bulk glasses were prepared by viscous flow sintering of the
microspheres in the temperature range between glass transi-
tion temperature 7, and onset of crystallization temperature
T,. Glass—ceramics materials were prepared by further heat
treatment of prepared bulk glasses above T for a short time.

For a successful preparation of bulk gehlenite glasses
from glass microspheres, a detailed knowledge of thermal
properties and of the kinetics of crystallization of the pre-
pared glass microspheres is necessary. Thermoanalytical
methods, such as differential thermal analysis (DTA) and dif-
ferential scanning calorimetry, are the best suited and most
commonly used methods to study the thermal properties of
various systems [14-20]. To get the most trusted informa-
tion about phase relations, thermodynamic properties and
nucleation/crystallization behaviour of prepared systems, the
results of thermal analysis are usually supplemented by SEM
and X-ray powder diffraction analysis [21-25].

Hou et al. [26] described the crystallization kinetics
of YAG nanoparticles prepared by sonochemical sol-gel
method. DSC/TG analysis was used to determine the activa-
tion energies and the Avrami constant. The results of thermal
analysis were confirmed by SEM and showed that the crys-
tallization of YAG nanoparticles proceeded simultaneously
by bulk and surface crystallization, but the predominant
process was the bulk crystallization.

The crystallization mechanism and properties of glass
ceramics prepared from modified molten blast furnace slag
by liquid-liquid mixing method were studied by Zhang
et al. [27]. The main components of blast furnace slag are
characterized as CaO, SiO, and Al,O;. The influence of the
change in the ratio of CaO and SiO, on the crystallization
process was monitored by DTA, XRD and field scanning
electron microscope. Changing of CaO/SiO, ratio altered
the crystallization temperature as well as the value of acti-
vation energy. Crystallization mechanism shifted from bulk
to surface crystallization with increasing CaO/SiO, ratio.
The influence of addition of Bi,O; on thermal properties of
melilite-based glasses and glass—ceramics was described by
Reddy et al. [28]. The addition of Bi,O5 greatly influences
the value of activation energy, E,: it increased at the addition
of 1 mass% Bi,0;, but further Bi,O5 increments significantly
decreased the E.. The crystal growth mechanism gradually
changed from surface to bulk crystallization. Malecki et al.
[29] studied pure and Co-, Eu-, Cr- or Th-doped gehlenite
glasses prepared from CaCOj;, Al,O5, SiO, and Eu,0; or
Co(NO3); or Cr(NOjy); or Th(NOs;),. The glasses were pre-
pared in the form of microspheres by combination of the
solid-state reaction and the flame synthesis. The crystalli-
zation behaviour of prepared glasses was studied by com-
bination of DTA and TEM (Transmission electron micros-
copy). Co**, Th** and Eu’* acted as nucleating agents and
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catalysed the crystallization process. In of the Cr**-doped
gehlenite glass, the activation energy of crystallization
increased, due to substitution of Cr’* for AI** in the glass
matrix. The Johnson—Mehl-Avrami—Kolgomorov (JMAK)
model was found to be suitable for description of the kinetics
of crystallization of aluminate glasses [30]. Using the IMAK
model, Prnova et al. [30, 31] described the crystallization
kinetics of La,0;—Al,05 and yttrium aluminate glasses.

The aim of this work is to study the crystallization kinetics
of glass microspheres with gehlenite composition (50 mol%
calcium oxide, 25 mol% aluminium oxide and 25 mol% sili-
con dioxide), prepared by combination of solid-state reaction
and flame synthesis. The prepared glass microspheres were
characterized by OM, SEM and XRD. HT XRD experiments
were also performed to confirm the presence and crystalliza-
tion of gehlenite phase. Non-isothermal DSC measurements
were used for evaluation of the mechanism of crystallization.
According to IUPAC recommendations [32, part 7-Model
fitting methods], the Johnson—-Mehl-Avrami—Kolgomorov
rate Eq. (1), under non-isothermal conditions, with constant
heating rate (f) was used:

E i
P =A-exp [—R—§E’] (=) [=In(1 - a7,
)

where a is the fractional extent of crystallization, A is pre-
exponential constant of crystallization and E,, is the appar-
ent activation energy of crystallization and m is strictly equal
t00.5,1,1.5,2,2.5, 3 or 4. [33-35]. The a(T) and da(T)/dT
values were obtained from DSC records as proportional to
the area under the DSC curve after subtracting the linear
baseline. For each, m was calculated Eapp and A. For the
selection of the most suitable model were used adjusted
correlation coefficient (Eq. 2), Akaike information criterion

(Eq. 3) and the Akaike weight (Eq. 4) [32, 36—40]:

sy _RSS/i-p-1)
Y (29 e- @

AIC = nln (RSS,,) + 2, 3)

exp (—A;/2)
i exp (-A/2)

where y;, i=1...n, are data values, y is a mean of data values,
RSS is residual sum of square for a model, p is the number
of free parameters and A; = AIC; — AIC,;, (AIC; is the AIC
values of each model, AIC,;, is the AIC value of the “best”
model), U is the total number of models under investiga-
tion. Finally, the prevailing crystallization conditions were
determined based on the value of parameter m.

wAlIC; = , withO<w; <1 4)

Preparation of glass microspheres

The precursor powder with gehlenite composition
(50 mol% calcium oxide, 25 mol% aluminium oxide and
25 mol% silicon dioxide) was prepared by solid-state reac-
tion, from high-purity chemicals (SiO,; p.a., Polske odc-
zynniki chemiczne, Gliwice; Al,O3; p.a., Centralchem,
Bratislava; CaCO; (p.a., Centralchem, Bratislava). The
details are described in our previous work [9]. From pre-
cursor powder, the glass microspheres were prepared by
flame synthesis [41, 42].

Characterization

The morphology and microstructure of the prepared
glass microspheres were examined by optical micros-
copy (OM) and a scanning electron microscopy (SEM).
Nikon ECLIPSE, ME 600 optical microscopy was used
to observe the glass microspheres in reflected light at
10-50x magnification, to determine whether the pow-
der precursor has completely melted in the flame and
whether optically transparent particles have formed. A
more detailed analysis of the microstructure of the glass
microspheres was performed by SEM. Sample prepara-
tion was carried out in two ways: (1) The prepared glass
microspheres were fixed to the aluminium sample holder
using a conductive adhesive graphite tape. To ensure the
discharge of electrical charge from the surface, they were
subsequently coated with gold (Carl-Zeiss type SC-7620).
(2) The microspheres were cast and pressed into a con-
ductive phenolic resin (PhenoCure Resin Powder black).
After pressing, the surface of the samples was carefully
polished (Buehler Ecomet 300) to prepare cross sections
of microspheres which were subsequently sputtered with
carbon (JEOL JFC-1300 “AUTO Sputter Coater”). The
analysis was performed by scanning electron microscope
JEOL JSM-7600 F/EDS/WDS/EBSD at the accelerating
voltage 20 kV. X-ray powder diffraction analysis (Panalyti-
cal Empyrean diffractometer) was used to determine the
phase composition of prepared microspheres after flame
synthesis and of the crystallized microspheres. High-tem-
perature powder diffraction analysis was used to determine
phase transitions during sample heating. The measure-
ments were performed in a high-temperature diffraction
cell (Anton Paar, HTK16) using the same diffractometer as
above. The measurements were performed in the 26 range
of 20-55°. The temperature regime for high-temperature
X-ray recording was as follows: the sample was first heated
from room temperature to 600 °C at a heating rate of 10 °C
min~!, from 600 °C to 1100 °C, the sample was heated at a
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heating rate 5 °C min~! and diffraction data were recorded
every 10 °C under isothermal conditions. Two long scans
at 25 °C in the 260 range 10-80° were measured at the
beginning and at the end of the experiment. Diffraction
data were evaluated using the software HighScore Plus
(version 3.0.4, PAN Analytical, the Netherlands) with
the use of the Crystalographic Open Database (COD).
The DSC measurements were carried out at five heating
rates (2, 4, 6, 8, 10 °C min_') in a temperature range of
30-1200 °C in nitrogen atmosphere using a simultaneous
Netzsch STA 449 F1 Jupiter TG/DTA/DSC thermal ana-
lyser. The Netzsch Proteus Thermal Analysis Version 6.0.0
program was used to evaluate the measured DSC records.

Results and discussion
Morphology and phase analysis

Spherical and fully re-melted particles transparent in the
visible spectrum were prepared by flame synthesis (Fig. 2a).
SEM images revealed smooth surfaces of prepared micro-
spheres and no features (e.g. angular facets) indicating the
presence of crystalline phases (Fig. 2b). The absence of
signs indicating the presence of crystalline phases was also
confirmed by the analysis of the polished cross section of
glass microspheres (Fig. 2c).

However, the X-ray diffraction pattern of the prepared
microspheres (Fig. 3a) indicates the presence of low-inten-
sity diffractions of crystalline gehlenite phase superimposed
on a largely amorphous background represented by a broad-
band in the range between 24° and 36°. X-ray diffraction
patterns of microspheres crystallized at 1000 °C for 10 h
confirmed their polycrystalline nature, with the presence of
gehlenite (01-074-167 COD) as the main crystalline phase
(Fig. 3b).

HT XRD analysis

The presence of gehlenite as the only crystalline phase in
the whole studied temperature range 600—1100 °C was
confirmed by the results of high-temperature X-ray powder
diffraction analysis (Fig. 4). In HT XRD records, a shift
of diffraction maxima to lower 20 values with increasing
temperature caused by the change in lattice parameters due
to thermal expansion. The temperature dependence of the
integral intensity of the most intensive diffraction peak cor-
responding to gehlenite (20 =31.394°; d=2.84720 A; [h k
I1=[2 1 1]) was determined (Fig. 5) in order to quantify
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Fig.2 The results of OM and SEM examination of prepared gehlenite
microspheres. a OM photographs of microspheres, b SEM image of
gehlenite microspheres, ¢ SEM micrographs of a polished cross sec-
tion of the gehlenite microspheres

the phase evolution in the studied temperature range. The
integral intensities were normalized with respect to inte-
gral intensity of the gehlenite [h k 1]=[2 1 1] diffraction
maximum recorded after the whole heating cycle after
cooling down to room temperature, where we could reason-
ably assume the sample was 100% crystalline. The onset
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Fig.3 X-ray powder diffraction patterns of as-prepared glass
microspheres (a) and of the crystallized gehlenite microspheres
(1000 °C/10 h) (b)
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Fig.4 HT XRD patterns of the prepared gehlenite glass microspheres
recorded at various temperatures

of gehlenite phase crystallization was identified at around
910 °C. The most significant increase in the amount of crys-
talline phase occurs in the temperature range from 930 to
950 °C, demonstrating very fast crystallization of gehlenite
from glass. Sample was fully crystalline above 970 °C. Only
a negligible increase in the relative intensity of this diffrac-
tion peak was observed above this temperature.

DSC analysis
The thermal properties of gehlenite glass microspheres

were examined by DSC analysis in the temperature range
30-1200 °C. Figure 9 shows the DSC records obtained
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Fig.5 Temperatures dependence of integral intensities of the [1 2 1]
gehlenite diffraction peak
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Fig.6 DSC records of prepared gehlenite glass microspheres,
recorded at the heating rates 2, 4, 6, 8 and 10 °C min~!

at different heating rates and the corresponding values
of T,. One exothermic effect was observed on the DSC
records (Fig. 6). A significant effect of the heating rate
on the peak height and peak area was observed, while
maximum of the peak shifted to higher temperatures
with increasing heating rate (961 °C at 2 °C min~! and
988 °C at 10 °C min~"). From the DSC curve recorded at
10 °C min~', the glass transition temperature Tg =860 °C,
the crystallization onset temperature 7, =970 °C and the
maximum of crystallization peak temperature 7,=988 °C
were estimated. From the first derivative of the DSC
record, the inflection points of the exothermic peak
were determined (7 =980 °C and T}, =996 °C). Based
on the results of HT XRD, where we only observed the
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crystallization of gehlenite in this temperature interval, the
recorded exothermic peak was attributed to crystallization
of gehlenite. The lower values of temperature for forma-
tion of gehlenite from HT XRD can be the result of slower
heating rate (5 °C min~') and isothermal condition during
records of diffraction patterns. This is also indicated by the
results of the DSC analysis measured at various heating
rates (Fig. 6). The results are in a good agreement with the
work of Marotta et al. [43] who observed crystallization
of gehlenite at about 1010 °C at heating rate 20 °C min~".

Crystallization kinetics

The values of RSS, Ri e AIC and wAIC have been used to

select the model which best describes the experimental
data. According to the RSS and AIC criteria, the best
model is the one, which assumes the minimal value. In
terms of Ri i criterion, the best model is one that has the

maximum value of this criterion. The main selection cri-
terion is wAIC criterion, which allows by comparison the
selection of the best model from model sets. If wAIC =1,
it means that the model is the best for describing experi-
mental data. The values of RSS, Ridj, AIC and wAIC cri-

terion for each model are summarized in Table 1. Accord-
ing to the values, RSS, Rﬁ 4 AIC and wAIC criterion, the
most suitable model is the model with m =2. The kinetic
parameters of the crystallization process of gehlenite
microspheres are as follows: frequency factor A =5.56 X
10% +1.73 x 10* min~!, apparent activation energy of
crystallization E,,, =722 +3 kJ mol~! and IMAK equation
with the coefficient m =2. Similar value of activation
energy (700 or 740 kJ mol~!) was published Malecki et al.
[29, 44] for pure gehlenite glass. The comparison of meas-
ured and calculated data for the model with m=2 is shown
in Fig. 7.

By comparing the value of Avrami parameter m for
the studied sample in terms of works [34, 35, 45], it can

Table 1 Values of RSS, R§ 4o AIC and wAIC criterions calculated for
individual models with m=0.5, 1, 1.5, 2, 2.5, 3 and 4

m RSS Ri . AIC wAIC

1 5.05 0.79 —5156 0

1.5 0.46 0.98 —7514 1.04x 10720
2 0.17 0.99 — 8453 1

2.5 0.73 0.97 —7048 8.35%x1073%
3 1.38 0.94 —6427 0

4 247 0.90 —5859 0
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Fig.7 Comparison of measured and calculated data for the IMAK
model with m=2

be concluded with high probability that the predominant
crystallization process in the gehlenite glass is controlled
by diffusion with constant rate of homogeneus nucleation.
The crystal growth is two-dimensional.

Conclusions

The gehlenite glass microspheres were prepared by com-
bination of solid-state reaction and flame synthesis. The
prepared glass particles were transparent and spherical.
X-ray diffraction analysis revealed a small fraction of crys-
talline gehlenite in the glass. The DSC analysis revealed
the presence of a single sharp crystallization peak, with
the onset at 970 °C (measured at 10 °C min™}), represent-
ing crystallization of gehlenite phase. HT XRD records
confirmed the formation of only crystalline gehlenite. The
kinetics parameters of crystallization process of gehlen-
ite were determined by applying the JMAK model on the
DSC data measured at five different heating rates. The
determined kinetic parameters are as follows: frequency
factor A=5.56x 10%° + 1.73 x 10* min~!, apparent activa-
tion energy E,,,=722+3kJ mol~! and Avrami coefficient
m=2. The results indicate constant rate of homogeneous
nucleation, the movement of the growth front controlled
by diffusion, and two-dimensional growths of the gehlenite
crystals.
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