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A B S T R A C T   

The crystallization behaviours, mechanical and optical properties of fluormica glass-ceramic system without and 
with P2O5 as nucleating agent are studied. The crystallization mechanism of fluor-phlogopite (KMg3(Si3AlO10) 
F2) without P2O5 oxide represented one-dimensional surface crystallization with a fixed number of nuclei, and 
with the addition of P2O5, the mechanism tends to two-dimensional bulk crystallization with a constant 
nucleation rate being the most predominant phase, forsterite crystals (Mg2SiO4). The base glasses had the spi
nodal phase separation, which coarsened considerably by increasing P2O5 content. P2O5 had a strong influence 
on the microstructure and morphology of this type of glass-ceramic. The addition of small amount of P2O5 (1.0 
mol%) to these glass-ceramic changed the microstructure from dendritic growth having leaf-like feature to a 
flower-like morphology of the crystal phase. Glass-ceramic without P2O5 produces yellowish to colourless 
transparent glass-ceramic, and with the incorporation of the P2O5 (1.0 mol%), which has been found the opti
mum to obtain transparent glass-ceramics, the transmittance is still about 85%. As the P2O5 content increased to 
3.0 mol%, besides fluor-phlogopite mica, forsterite also precipitates, the size of the crystals increase, their dis
tributions turned to be broad due to the change of the crystallization mechanism and the transparency of glass- 
ceramic consequently decreases.   

1. Introduction 

Glass-ceramics (GC) are a kind of polycrystalline material formed by 
controlled crystallization of the parent glasses. They demonstrate the 
ability to combine various remarkable properties in one material based 
on variability in chemical composition, microstructure and heat- 
treatment conditions [1]. Their properties could be inherent to the 
glass itself, or could be a result of modifications in structure and 
microstructure arising from processing techniques [2]. An important 
group of these materials are the mica-containing GC which received 
wider attention due to their high machinability and thermal shock 
resistance [3–5]. The most common compositions of mica GC lie in the 
system SiO2–B2O3-A12O3–MgO–K2O–F [6]. Depending on the base glass 
compositions several mica phases can precipitate: fluorophlogopite mica 
(KMg3AlSi3O10F2), tetrasilicic mica (KMg2⋅5Si4O10F2) [5,7–9], 
Li-phlogopite (LiMg3AlSi3O10F2) [10,11], calcium-mica 
(Ca0⋅5Mg3(AlSi3O10)F2) [12], and barium-calcium-mica [BaCa0⋅5Mg3Al 
Si3O10F2] [13]. Over controlled heat-treatment, alumino-silicate glasses 

of the K–Mg–Al–Si–O–F system are converted to GC containing fluoro
phlogopite mica (KMg3AlSi3O10F2) through a nucleation process [5,7]. 
Crystallization process is generally affected by nucleating agents, which 
either accumulate in a specific microphase of the phase separated base 
glass or support the phase separation. 

Light scattering arising from the difference in refractive indices of 
crystals and the surrounding glass phase is present in any GC material. 
According to the Rayleigh–Gans scattering model, the scattering loss is 
proportional to the refraction index of the crystal phase and the differ
ence with the surrounding glass, to the crystallite density, their radius 
and volume and the incident light wavelength [14]. The scattering loss 
(turbidity), is extremely sensitive to the size of the crystals and the 
difference in refractive index. To achieve transparency in GC several 
strategies can be followed: by reducing the size of the crystalline phases 
below the wavelength, by growing crystals with anisotropic refractive 
index (birefringent crystals) or achieving a match in refractive index 
with residual glass, a condition which is easy to meet for GCs in which 
glassy phase and crystalline phase have nearly same composition [14]. 
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Thus, due to the growth of crystalline phases, GC can easily loose the 
transparency. To avoid that, both the nucleation and crystal growth 
rates should be carefully controlled to prevent from overgrowth and 
coarsening of crystals. Ensuring crystal sizes below 100 nm is a pre
requisite for achieving high transparency of GC. As an example, Gha
semzadeh et al. [15] prepared transparent glass-ceramic from 
18MgO–38SiO2–15Al2O3–8K2O–6B2O3–9LiF–6TiO2 by controlled crys
tallization of the parent glass at 643 ◦C for 2 h. They observed that the 
glass-ceramic can remain transparent upon precipitation of nano sized 
grains but they will turn into opaque when large grains appear. 

Mg2+ is an important component of the mica structure since it 
octahedrically accommodates between the corner-shared tetrahedral 
network. With the increase of Mg content, there occurs a tendency to 
phase separation since the Mg2+ ions helps balancing the [AlO4]− tet
rahedron. Because of the excellent compatibility of the [SiO4] tetrahe
dron and the [AlO4]2Mg complexes, the precipitation of mica units are 
thus enhanced [16]. This strategy of nanophase separation followed by 
the formation of crystalline phases that contain nucleating oxides has 
been widely used to prepare GC. In the work of Fathi and Johnson [17], 
it is demonstrated that the high ionic field of TiO2 enhances the phase 
separation thus improving the heterogeneous nucleation of the crystals 
within the glassy network [17]. By incorporating some other nucleating 
agents to the parent glass such as TiO2, ZrO2, MoO3, P2O5, and F the 
thermodynamics and kinetics of the nucleation process can be further 
modified [18]. 

It is known that fluorine ions are insoluble in silicate melts also 
leading to phase separation [19], and also, they will promote bulk 
nucleation and three-dimensional crystal growth of the principal crys
talline phase [20]. As Radonjić and Nicolić [20] reported, in glasses of 
the MAS system (MAS: MgO− A12O3–SiO2), it was proved that the 
fluorine ions significantly influenced the crystallization kinetics as well 
as crystal morphology. Similarly, Taruta et al. [21] fabricated trans
parent GC from the Li(1+x)Mg3AlSi3(1+x)O10+6.5xF2 system in which large 
quantities of mica crystals were obtained when the nucleating agent 
MgF2 was added at amounts between 9 and 13% and by increasing the 
amount of this agent, the crystallization of mica occurs into a continuous 
glass phase and the parent glass loses its transparency due to the for
mation of a coarser spinodal phase separation. GC with MgF2 as the 
source of fluorine exhibits uniform bulk crystallization but on contrary, 
if NaF is incorporated as nucleating agent only surface crystallization 
occurs [22]. 

Some other ions could act as nucleating agents to modify the crys
tallization process for the production of fine-grained fluormica glass- 
ceramics by controlled crystallization [23,24]. As an example, through 
the addition of 3–6% PbO and P2O5 to the base glasses, it occurs a 
change in the mica crystals morphology from platelet to spherical shapes 
attributed to a decrease in the crystallite growth rate [25]. Besides, mica 
crystallization was affected by the addition of P2O5 in the sense that, 
according to Mirsaneh et al. [26], the addition of ⩾4 mol% P2O5 induces 
a liquid-liquid type phase separation of the glass thus producing a silica 
glass matrix deficient in network modifiers. This phase separation is 
attributed to the high field strength of Si+4 and P5+ atoms. The former 
possess a higher field strength thus induces its association to the alkaline 
atoms (Ca or Mg) and consequently, the precipitation of the silica-rich 
mica phase is less likely to occur. In the present work, we focus on the 
preparation of transparent K2O–MgO–Al2O3–B2O3–SiO2–MgF2 GC 
where the crystallization products and kinetics are tailored through the 
addition of P2O5 as nucleating agent to optimize the amount of nucle
ating agent for the maintaining of the transparency of the obtained 
materials. 

2. Experimental 

2.1. Preparation of materials and procedures 

The system K2O–MgO–Al2O3–B2O3–SiO2 plus MgF2 and P2O5 as 

nucleating agent has been studied in the present work. The starting 
chemicals were SiO2, Al2O3, MgCO3, MgF2, K2CO3 and H3BO3, all of 
them chemical grade (Panreac). The nominal composition of the original 
glass (MP0) is given in Table 1. P2O5 (purity>98%) was added to MP0 in 
1.0 (MP1), 2.0 (MP2) and 3.0 (MP3) mol%. Each 100 g batch was well 
mixed, calcined in a platinum crucible using an electric furnace for 3 h at 
a temperature of 900 ◦C (heating rate of 10 ◦C/min), and then melted at 
about 1600 ◦C (10 ◦C/min) and held for 3 h till complete homogeniza
tion. Then, the molten charge was poured to a preheated copper molds. 
The as-prepared samples were further annealed at 550 ◦C (10 ◦C/min) 
for 4 h and cooled to room temperature (2 ◦C/min) in a programmed 
manner with the aim to eliminate thermal residual stresses. The GC 
samples were prepared by annealing the base glasses for 3 h at 750 ◦C. 
The composition of all the base glasses, obtained by ICP-OES spec
trometry (Iris Advantage, Thermo Jarrel Ash) and X-ray fluorescence 
(Philips, Magic Pro) is also provided in Table 1 (values given in wt%). 

2.2. Characterization 

Powdered samples were analysed by X-ray diffraction (XRD, Bruker 
D8 Advance) at room temperature in the 2θ range 10–70◦ (step size 0.05, 
15s) and the developed crystalline phases were identified by JCPDS 
numbers (ICDD-PDF database). The Fourier-Transform infrared ab
sorption spectra were recorded using a Fourier transform infrared 
spectrometer (Alpha FTIR, Bruker, Germany) at room temperature, in 
the range 4000− 400 cm− 1, using the KBr pellet technique, with a res
olution 2 nm. The spectra were averaged from 32 scans. Room tem
perature Raman spectra were recorded using a Raman spectrometer 
(Renishaw, UK) with a 20 mW Argon ion laser source at an excitation 
wavelength of 514 nm. All measurements were made in a back scat
tering geometry, using a 50 × microscope objective lens (0.25 μm lateral 
resolution). The spectra were averaged over 50 scans. Crystallization 
kinetic parameters were analysed by differential thermal analysis (DTA, 
TA Instruments, SDT Q600, USA) using glass powders sieved below 50 
μm and heated from 25 to 1300 ◦C at different heating rates (5, 10, 15 
and 20 ◦C.min− 1) in air atmosphere. The error in the determination of 
the characteristic temperatures is estimated to be ±2 ◦C. To study the 
structural and microstructural changes occurring during the heat- 
treatment, glass samples containing the different amounts of nucle
ating agent were thermally treated at 700, 750, 800, 850, 900 and 950 
◦C for 1 h. Hot stage microscopy characterization was performed in a 
HSM, EM201 Leica instrument equipped with a CCD camera and by 
analysis of the photographs taken during the HSM experiment. The 
dilatometer Bahr Thermo Analyzer DIL 801 L, Hüllhorst, Germany 
working in dry air at a heating rate of 5 ◦C/min in the range of 25–1000 
◦C was used for coefficient of thermal expansion (CTE) determinations. 
For this, sample pieces of 5 × 5x10 mm3 were used with Al2O3 as 
reference material. Fractured surfaces were etched, with approximately 
3.0% HF solution for 15 s to delineate prominent features, then coated 
with a thin layer of gold for being observed in a field-emission type 
scanning electron microscopy (FESEM, Hitachi S4700, Tokyo, Japan) 
operating at 30 kV. The elastic modulus and hardness values of the 
materials were evaluated using nanoindentation technique (XP Nano
indenter, MTS, Oak Ridge, USA). These tests were performed with a 
Berkovich indenter continuously registering and with high precision the 
load (50 mN) and displacement of the indenter during the test. The 
optical transmission spectra of base glasses and GC were measured with 
an UV spectrometer (UV–Vis, PerkinElmer Lambda 950) in the wave
length range of 300–1100 nm at room temperature. The refractive in
dexes (nD) of the materials were determined through an Abbe 
refractometer (ATAGO, model DR-A1) with a spectral line of sodium 
(589.3 nm). Ten measurements were made on each sample and averaged 
at the ambient temperature of 22 ± 02 ◦C. 
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3. Results and discussion 

Table 1 presents the composition of all the base glasses in terms of 
the oxide percentages. As expected, all the glasses present similar 
compositions since the only modification is the amount of P2O5 
included. It is however observed that the maximum amount of fluorine is 
encountered in the MP0 glass (i.e. no P2O5 added) thus, the presence of 
the nucleating agent at any concentration will cause a decrease in the 
fluorine content. It should be noticed that although no Fe or Ca was 
included, some traces of these oxides were present in the final compo
sition of the base glasses. The reason for the appearance of these two 
elements is the probable presence of Fe2O3 in quartz and CaCO3 in the 
K2CO3 used to prepare the glasses (raw materials were chemical grade, 
some impurities can still be present). 

3.1. Evolution of the crystalline phases 

3.1.1. XRD 
The XRD patterns of all the base glasses (Fig. 1 a) are characteristic of 

amorphous materials, since no clear reflections on the diffractograms 

are appreciated and just the occurrence of two broad halos around 2θ =
17◦ and 28◦ might be an indicative of some degree of phase separation, 
as suggested by other authors [27]. As shown in Fig. 1 b, in MP3 sam
ples, those containing the maximum amount of the nucleating agent 
P2O5, the fluor-phlogopite (1 M, KMg3 (Si3AlO10) F2, JCPDS No. 
00-010-0494) appeared at temperatures as low as 750 ◦C though the 
peaks in the XRD pattern were still small. Early investigations [19] 
proved that fluor-phlogopite is the main crystalline phase which should 
appear after heat-treatment at 800 ◦C the mica-containing containing 
glass ceramics. By increasing the temperature (Fig. 1 c), the growth of 
fluor-phlogopite is more evident and, as the P2O5 content increases in 
the materials, forsterite (Mg2SiO4, JCPDS No. 00-004-0769) appeared as 
well. With increasing the heating temperature, fluor-phlogopite peaks 
become obviously stronger and, at the same time, some other weak 
diffraction peaks of forsterite are observed. It is then noticed that the 
diffraction peaks attributed to forsterite are more intense in the samples 
containing the highest P2O5 content, and, contrarily, the lowest P2O5 
amount implies an enhanced crystallization of fluor-phlogopite. It is also 
noticed that at 850 and 950 ◦C (Fig. 1c and d) and at the lowest P2O5 
contents, an additional diffraction peak appeared at about 2θ = 28◦

Table 1 
Nominal composition (mol.%) of oxides used to prepare the parent glass MP0 and actual composition (wt%) of all the prepared glasses.  

MP0 (nominal) SiO2 Al2O3 K2CO3 MgO B2O3 MgF2 P2O5 

44 9 6 29 2 10 00 

% oxides SiO2 Al2O3 K2O MgO B2O3 CaO Fe2O3 F P2O5 

MP0 39.78 8.47 5.10 33.60 1.40 0.56 <0.03 11.07 0 
MP1 40.12 9.65 4.75 33.31 1.37 0.56 0.04 9.42 0.79 
MP2 39.69 8.58 4.73 33.89 1.28 0.56 0.05 9.68 1.57 
MP3 39.40 8.33 4.80 33.48 1.29 0.56 0.04 9.77 2.34  

Fig. 1. X-ray diffraction patterns of the samples MP0, MP, MP2 and MP3 treated at a) as-prepared, b) 750, c) 850, and d) 950 ◦C. S: Forsterite, syn, F: Fluor- 
phlogopite, 1 M. 
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which is tentatively attributed to phlogopite. 

3.1.2. Thermal properties 
The differential thermal analysis thermographs at a heating rate of 

10 ◦C/min of the four studied glasses are shown in Fig. 2. Table 2 shows 
the thermal parameters from the DTA analysis. From Fig. 2 and Table 2, 
all curves generally exhibit one endothermic peak and two exothermic 
peaks corresponding to the glass transition temperature, Tg, and onset 
crystallization temperatures, Tc1 and Tc2, respectively. The character
istic temperatures were taken as the maximum of the peak (in the case of 
the exothermic events) or its minimum (in the case of the endothermic 
events) and by assuming a mixed Gaussian− Lorentzian (50%–50%) 
shape. The Tg values were determined to be approximately at 660 ◦C for 
MP0 and then increased slightly to 667 ◦C when P2O5 was added to the 
system at amounts up to 1.0 mol%. A further increase in the content of 
P2O5 (2.0 and 3.0 mol%) caused a marked decrease of this temperature, 
since P2O5 lowers the glass transition. This may associated with a lower 
glass viscosity. 

In Fig. 2 d, there are emphasized in colour the onset crystallization 
temperatures, Tc1 and Tc2. It is also observed multiple bands in the DTA 
which are attributable to the maximum crystallization temperatures, Tm, 
and the release of the Gibbs free energy because of the formation of the 
GC. 

The dilatometric curves (Fig. 3 a) allow determining the glass tran
sition temperature for the base glasses. The Tg values of the base glasses 
determined from the dilatometric curves are collected in Table 2. Tg is 
frequently used to characterize the glass-forming ability of the glasses 
and it is often taken to be equal to the temperature at which the glasses 
possess a specific viscosity (1013 Pa), so it is important to accurately 
determine this temperature. As shown in Table 2, although the trends 

are similar, slight differences are encountered when determining the Tg 
by DTA and dilatometry, especially at the highest content of the 
nucleating agent P2O5. According to Mazurin [28], the different relax
ation times of the structure affect the viscosity and then the viscosity 
affects the rate of further structural transformations therefore, it should 
be concluded that the increase of the P2O5 content will affect the vis
cosity parameters as well as the microstructure of the materials. 

In the glass ceramics, it is also possible to determine the CTE from the 
slope of the dilatometric curves in the range 100–500 ◦C (Fig. 3 b). In 
MP0, the high CTE is about 10.2 10− 6 and decreases to 8.5 10− 6 for the 
remainder glasses, when P2O5 is already present in the materials. This 
high CTE value is attributed to the high Mg content and the precipitation 
of forstertite [29,30]. From the first derivative curve, it can be also 
calculated the volumetric expansivity of the glass ceramics (β), which is 
also presented in Table 2. The first incorporation of P2O5 leads to a 
drastic decrease of the volumetric expansivity whereas by increasing the 
P2O5 content beyond 2%, the volumetric expansivity remains mostly 
constant. These results are attributed to the different crystalline phases 
appearing in the GC. 

The thermal behavior of the prepared glasses can be further studied 
by hot stage microscopy (Fig. 4 a). As expected, the sintering tempera
ture of the glasses decreases with the amount of the P2O5 amount. In 
MP0 glasses, no softening point was detected in the analysed range, 
whereas for the remainder glasses, it was possible to determine the 
characteristic temperatures at which the different events (deformation 
temperature, sphere and half sphere) take place. 

Considering the typical viscosity points at which these events should 
occur, the viscosity-temperature plot has been drawn (Fig. 4 b). Taking 
into account the Tg values obtained from the DTA analysis (Table 2), the 
deformation and half sphere temperatures obtained from the HSM plots, 

Fig. 2. Differential thermal analysis of the glasses a) heat treated at 10 ◦C/min, b) the DTA of the MP0 glass heat treated at different heating rates, c) DTA of the MP3 
glass heat treated at different heating rates and d) deconvolution of the differential thermogrammes of the glasses heat treated at 10 

◦

C/min. 
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the theoretical viscosity curve has been fitted to the 
Vogel–Fulcher–Tammann equation (plotted in dotted lines) [31]. Form 
these curves, it can be appreciated the above mentioned decrease in the 
viscosity when the P2O5 increases in the material, as corresponds with 
the addition of the nucleating agent. 

3.1.3. Crystallization kinetics 
From the DTA scan of the base glasses, it can be seen that the first 

crystal phase forms at nearly above 770 ◦C and the second crystal phase 
at up to 850 ◦C, that, according to the XRD data they should correspond 
to the crystallization of fluor-phlogopite and forsterite, respectively. We 
observe two different crystallization behaviours depending on the P2O5 
content: for low P2O5 content, 1.0 mol%, crystallization peaks are 
broader and they appear at higher temperature than those without P2O5, 
and for high P2O5 content, >1.0 mol%, crystallization peaks shifted 
gradually to lower temperatures. 

The temperatures Tg and Tp are indications of the tendency to 
maintain the glass structure or crystallize: Tg informs about the struc
tural relaxation occurring in the glass network when the material is 
subjected to a heating process and Tp informs about the crystallization 

kinetics of the glass. In the table, it is presented the value ΔTx = Tx - Tg, 
where Tx is the onset temperature of the first crystallization peak, that 
may be considered a reflection of the supercooled liquid region [32]. 
High ΔTx values may indicate that the supercooled liquid can exist in a 
wide temperature range without crystallization and has a high resis
tance to the nucleation and growth of crystalline phases. A crystalliza
tion peak close to the glass transition temperature is usually indicative of 
unstable glasses. Therefore, the temperature difference ΔTx is a good 
indication of thermal stability since the higher the value of this differ
ence, the more the delay in the nucleation process. In our case, ΔTx 
varies from 55 to 99 ◦C with the increase of the P2O5 amount, and then, 
it can be inferred that the higher is the P2O5 content, the lower the 
ability of a glass to crystallize (higher ΔTx values). Similarly, the index S 
= (Tc - Tx)(Tx - Tg)/Tg, proposed by Saad and Poulain [33] that reflects 
the resistance to devitrification of a glass when it is heated up is found to 
increase up with addition of 1.0 mol% P2O5, and then showed a decrease 
with further increase of P2O5 content. 

The crystallization mechanism for our samples was studied using 
DTA measurements. Peak positions, Tc1 and Tc2, full-width of the 
exothermic peak at half-maximum intensity (Δw) and intensities of the 

Table 2 
Temperature of the onset crystallization peak, Tc1 and Tc2, glass transition temperature, Tg, (◦C) from the DTA curves and dilatometric curves ((Tg)DTA and 
(Tg)DLrespectively) and glass stability parameters of base glasses. ΔTx = Tc1 - Tg, S = S = (Tc - Tx)(Tx - Tg)/Tg, Trg = Trg(= Tg/Tm) CTE is the coefficient of thermal 
expansion and β is the volumetric expansivity.   

(Tg)DTA (Tg)DL (Ts)DL Tc1 Tc2 ΔTx S Trg CTE 106 β 103 

MP0 660 664 720 775 823 55 09.02 0.579 10.2 0.03 
MP1 667 667 756 794 855 83 13.12 0.526 8.49 − 1.71 
MP2 659 650 753 780 845 91 13.10 0.546 8.64 − 0.84 
MP3 651 642 780 773 826 99 11.60 0.521 8.46 − 0.88  

Fig. 3. Dilatometric curves of a) the base glass and b) glass ceramics.  

Fig. 4. a) HSM curves of the base glasses and b) viscosity-temperature curves obtained from the characteristic points in the HSM curves and DTA thermogrames 
(dotted lines represent the fitted VFT curves). 
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peaks were obtained from a deconvolution procedure of different DTA 
curves assuming that every peak presents a mixed Gaussian− Lorentzian 
(50%–50%) shape. 

The Tg of different specimens was determined to be comprised be
tween 649 and 673 ◦C, and shifted to higher temperature with the in
crease of heating rate. In a similar fashion, the crystallization peaks also 
generally shift to higher temperatures with the increase of the heating 
rate from 5 to 20 ◦C.min− 1. 

The variation of the onset crystallization peaks Tc1 and Tc2 with 
different DTA heating rates (v) is used to calculate activation energy for 
crystallization and allows identifying the most plausible crystallization 
mechanism. In the present work the activation energy of crystallization 
(Ec) for the different base glasses was determined by using three 
different methods. The Kissinger [34] equation is one of the most 
common methods to calculate the crystallization activation energy by 
plotting the inverse of the onset crystallization temperature, 1/Tc versus 
ln (v/Tc

2). Matusita− Sakka [35] stated that the Kissinger equation must 
be only used if crystal growth occurs on a fixed number of nuclei and 
have suggested a modified form of the Kissinger equation as: 

ln
(

vn

T2
c

)

= − m
Ec

R.Tc
+ constant Equation 2  

where m refers to the crystal growth dimensionality and the Avrami 
parameter n [36,37]: 

n=
2.5 R T2

c

Δw Ec
Equation 1 

The parameters m and n can take various values: for surface crys
tallization n = m = 1, for bulk crystallization with a constant number of 
nuclei independent of temperature n = m and, for bulk crystallization 
with an increasing number of nuclei inversely proportional to the 
heating rate n = m + 1 [35]. The Avrami parameter, n = 1 indicates 
one-dimensional growth (surface crystallization), n = 2 indicates 
two-dimensional crystallization, and n = 3 implies three-dimensional 
growth (bulk crystallization). The DTA curves present two peaks at 
different heating rates Tc1 and Tc2 and the values of Ec for crystallization 
calculated by the Matusita− Sakka method, the values of Avrami expo
nent n and the m parameter of the two exothermic peaks are given in 
Table 3. 

As observed in Table 3, the activation energies fall in the range of 
170–500 kJ mol− 1, which are quite high activation energy values 
compared to the ones found in Refs. [7,19,38]. In the first crystallization 
peak, the Ec slightly increases with addition of 1.0 mol% P2O5, and then 
decreases as the P2O5 amount increases. On contrary, in the second 
crystallization peak the Ec values are higher than those found for MP0 
glasses except for the material containing the highest amount of P2O5. 
According to the XRD data, the tendency to crystallization of 
fluor-phlogopite is promoted by small amounts of P2O5, however, for the 
crystallization of forsterite, it is required P2O5 contents higher than 3% 
for the Ec value to decrease. 

Using the Ec values, the Avrami constants corresponding to the 

crystallization mechanism were determined. The values of m in this 
work are approximately equal to the values of n, i.e. the nuclei formed in 
the first heat-treatment before the thermal analysis run are dominant 
(crystallization occurs on a fixed number of nuclei). The crystallization 
index m is related to the dimensionality of the crystal growth, m = 1 
indicates one-dimensional growth (surface crystallization), and m = 2 
implies two-dimensional growth (bulk crystallization). A surface crys
tallization mechanism occurred in free-P2O5 specimen (n = m = 1) 
whereas by incorporating small amount of P2O5, the second crystalli
zation peak evolves to a bulk crystallization. 

3.1.4. Spectroscopic characterization 
The microstructural changes occurring during the thermal conver

sion are studied by spectroscopic techniques. FTIR spectra recorded in 
the spectral region 1500–400 cm− 1 are presented in Fig. 5 and the 
assignment of each band in the spectra to the corresponding bending or 
stretching vibrations are summarized in Table 4. In this range, the 
spectra of the base glasses exhibit three broad absorbance bands and a 
shoulder and their broadness are characteristic of a high percentage of 
amorphous glass. Mg2+ and K+ ions act as network modifiers, inducing 
NBOs, and lying in interspaces of the glass network. Al3+, as a network 
former, can substitute Si4+ to form [AlO4] tetrahedron [39,40]. As the 
molar ratio of Al2O3/(MgO + K2O) is less than 0.5, [AlO4] tetrahedron is 
easy to form in the investigated samples. The most intense band in the 
spectra present its maximum at 1020− 1030 cm− 1 and is attributed to 
the combination of the asymmetric stretching vibration of two types of 
bridging bonds Si–O(Si), Si–O(Al) and broken bridges Si–O− and Al–O−

[41]. At about 1090 cm− 1 the asymmetric stretching of Si–O–Si bond in 
[SiO4] tetrahedron [42] or asymmetric stretching of P–O–P groups [43] 
is also detected and, the bands at 1180 cm− 1 and 1270 cm− 1 attributed 
to the stretching vibrations of Si––O [44] and the asymmetric stretching 
vibration of [BO3] units [16] are common features of all the glasses. This 
main band in the spectra shifts from 1016 to 1029 cm− 1 as the amount of 
P2O5 increases in the glasses. Additionally, the bands in the region of 
800–650 cm− 1 come from stretching vibration of Al–O bond in [AlO4] 
tetrahedron and/or symmetrical stretching vibrations of Si–O–(Si,Al) 
and vibrations related to presence of silico-oxygen and 
alumino-silico-oxygen rings [16,45]. The shoulder near 560 cm− 1 could 
be attributed to either stretching vibration of [MgO4] [46] or to the 
bending vibration of the Al–O bond in [AlO6] [42]. In Fig. 5 a, it is 
observed that by increasing the P2O5 amount, the relative intensity of 
the region 600− 400 cm− 1 assigned to bending vibration of O–Si–O 
linkages and Si–O–Si-bending vibration modes of [SiO4] unit [16,47] 
decreases in intensity. 

By increasing the temperature (Fig. 5 b), the band attributed to 
bending vibrations of O–Si–O and O–Al–O [44] and centred at 470 cm− 1 

increases in intensity and several additional bands near 688, 760 and 
802 cm− 1 and attributed to vibrations of 4 and/or 6-membered silico- 
and alumino-silico-oxygen rings [44], bending vibration of Al–O–Al in 
[AlO4] tetrahedron [47] and symmetric stretching vibration of Si–O–Al 
bond [42] become more differentiated. At 850 ◦C (Fig. 5 c) the rema
nence of the three bands implies that the crystallization of the 
glass-ceramic has not yet come to the end, contrary to what occurs in the 
materials heat treated at 950 ◦C (Fig. 5 d), where multi-component 
bands appeared in the region 1400–800 cm− 1 thus suggesting an 
increased mineralogical complexity. In these spectra, it can be found 
that some new absorption bands appear at about 890, 838, 612 and 515 
cm− 1 corresponding to forsterite [48] whereas he bands near 1176, 840 
and 470 cm− 1 can be interpreted as vibration modes in fluor-phlogopite 
[49]. With the increase of crystallization temperature, the contents of 
forsterite increase, while the contents of fluor-phlogopite decreases. 

Fig. 6 shows the Raman spectra in the range of 300–1400 cm− 1 of the 
base glasses and those thermally treated samples at 750, 850 and 950 ◦C 
for 1 h. A broad band in the range of 1200− 800 cm− 1 dominates the 
spectra of the as-prepared glasses (Fig. 6 a). By heating at 750 ◦C (Fig. 6 
b) it is appreciated that the band becomes narrower suggesting an 

Table 3 
Activation energies (kJ.mol− 1), n and m parameters of each exothermic peak 
(Pk) for the studied specimens (n and m calculated from equation (1) and 
equation (2), respectively).   

Activation energy (kJ/mol) n m 

MP0 Pk1 346.22 1.07 1.05 
Pk2 403.85 0.87 0.89 

MP1 Pk1 361,83 1.12 0.95 
Pk2 485.82 1.93 1.86 

MP2 Pk1 291.88 1.02 0.94 
Pk2 439.45 1.89 1.92 

MP3 Pk1 177.16 1.29 0.82 
Pk2 231.63 1.82 1.73  
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incipient crystallization in the material but not yet consolidated. By 
further annealing at 850 ◦C (Fig. 6 c), the absorption band at 683 cm− 1 

attributable to fluor-phlogopite [49] is more evident in the case of MP0 
material and decreases in intensity as the amount of P2O5 increases in 
the material. The bands at 276, 320, 683 and 1034 cm− 1 are also 
attributed to the fluor-phlogopite crystals [49]. In the materials con
taining larger amounts of P2O5, two medium-intensity bands at 832 and 
858 cm− 1 are also visible, which are attributed to forsterite crystals that 
possess a characteristic set of two bands, near 858 cm− 1 which corre
spond to Si–O asymmetric stretching band (Si–Oa-str) and ~832 cm− 1 

which correspond to Si–O symmetric stretching band (Si–Os-str). 
Annealing at 950 ◦C (Fig. 6 d), results in an increase in the intensity of 
the bands corresponding to fluor-phlogopite for the low-containing P2O5 
samples whereas the forsterite bands dominate the spectra of the ma
terials containing higher amount of this nucleating agent. 

3.2. Morphology in mica-containing glass-ceramics 

FE-SEM photomicrographs of the etched surfaces of the base glasses 
are shown in Fig. 7. There, it can be observed the characteristic structure 
of a spinodal phase separation where two continuous phases take part of 
the microstructure, being one dissolved by HF whereas the remaining 
phase non affected by the etching process is the one observed under the 
microscope. This spinodal phase separations coarsened considerably by 
increasing P2O5 content to 2.0 and 3.0 mol%, As reported by Harper and 
McMillan [50] phase separation prior to crystallization in the Li2O–SiO2 
system takes place when P2O5 was added at 1.0 and 2.0 mol%. Such 
phase separation causes the inner energy to decrease and enhances the 
degree of ordering inside the glass and therefore the thermodynamic 
stability of the system [51]. 

The microstructures of the different heat-treated glass-ceramics are 
presented in Fig. 7 e-h. The sample MP0 treated at 850 ◦C for 4 h (Fig. 7 
e) possess a different crystalline morphology than MP1, MP2 or MP3, 
that present a flower-like crystals structure embedded in the glassy ma
trix. The average diameter of the flower-like crystals increased with 
increasing the P2O5 content, from 22 μm in MP1, ~26 μm in MP2 to 47 
μm in MP3. In the case of MP0, it is observed a dendritic-like network 
having a leaf-like feature which is also comprised by aggregates of fine 
crystallites. 

The EDX analysis of the GC allows distinguishing different elemental 
concentrations distributed along the surface. As shown in Fig. 8, several 
elemental determinations have been carried out in different points 
distributed all through the surface. In sample GC MP0, obviously, no P 
has been detected and the F atoms seem to be located preferably at the 
bright areas. In the remainder samples, it can be appreciated that the 
flower-like crystals are preferably enriched in F. At a position in close 
proximity to the flower-like crystal, the composition of the matrix is 
different and possesses a much smaller F concentration. According to 
these results, the positions enriched in F became deficient in P and vice- 

Fig. 5. FTIR spectra of the samples MP0, MP, MP2 and MP3 treated at a) as-prepared, b) 750, c) 850, and d) 950 ◦C. In dotted lines, there is shown an example of the 
deconvoluted spectra, by assuming Gaussian-shaped bands. 

Table 4 
Assignment of the main bands in the FTIR spectra.  

Wavenumber transition (cm− 1) Assignment Reference 

1270 νas BO3 [44] 
1180 νas (SiO) [43] 
1176 νas (SiO) phlogopite [49] 
1090 νs (SiOSi) tetrahedron [42] 

νas (POP) 
1020–1030 νs (SiO–Si,Al) [41,45] 
890 νs (SiOSi) forsterite [48] 
840 SiO4 phlogopite [49] 
838 SiO4 b forsterite [48] 
760 AlO4 tetrahedron [44,45] 
688 4,6 rings SiO–Si,Al [44] 
612 SiO4 b forsterite [48] 
515 δ (OSiO) forsterite [42,46] 
470 δ (OSiO) phlogopite [44,49]  
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versa. It is also evident in Fig. 7 and in Fig. 8 that the flower-like crystals 
have different sizes. Each flower-like crystal is composed of almost round 
areas (petals) extending to several microns connected and arranged in a 
circle around the centre. It is likely that petals are composed of aggre
gates spherical shaped nanocrystallites. The average size of nano
crystallites which was estimated using the Scherrer equation increased 
approximately from 18 (±0.5), 21 (±1) to 22 (±0.7) nm for the samples 
MP1, MP2 and MP3, respectively, with the increase of P2O5 content. 

3.3. Mechanical properties 

Nanoindentation test revealed a general decrease in the hardness of 
the GC with respect to the base glasses (Fig. 9). Berkovich hardness 
decreases progressively with the increase of P2O5 content in both the 
base glasses and the GC from 9.76 to 8.84 GPa and from 9.16 to 8.46 
GPa, respectively and increases again to 9.70 GPa in the case of the base 
glasses and to 8.84 GPa in the GC at the maximum content of P2O5. This 
may be correlated with the crystalline composition of the CG. The re
ported Berkovich hardness for single crystals of phlogopite 2–2.5 GPa 

Fig. 6. Raman spectra of the samples MP0, MP, MP2 and MP3 treated at a) as-prepared, b) 750, c) 850, and d) 950 ◦C. In dotted lines (Fig. 6 b, c and d), there is 
shown an example of the deconvoluted spectra, by assuming Lorenztian-shaped bands. 

Fig. 7. FE-SEM images of the base glasses a)MP0, b) MP1, c) MP2 and d) MP3 and images of the glass ceramics obtained at 850 ◦C e) MP0, f) MP1, g) MP2, h) MP3.  
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whereas in sintered forsterite ceramics, the maximum hardness is found 
to be about 7.7 GPa [52,53] On contrary, the Young Modulus of the GC is 
slightly higher in the GC than the base glasses, and although in the base 
glasses it experiments the same behavior as the hardness values, the 
Young Modulus decreases continuously with the amount of P2O5. In the 
base glasses, the Young Modulus varies from 88 to 99 MPa whereas in 
the case of the GC, these values are comprised between 94 and 108 MPa. 
These values are in perfect agreement with some others reported in the 
literature [54]. 

3.3.1. Optical characteristics of the GC 
Several visual changes in the appearance of the base glasses and GC 

upon P2O5 addition were noticed at a first sight. The MP0 base glass was 
transparent and homogeneous with a yellowish appearance, similar to 
MP1. Increasing the P2O5 content leads to semi-translucent opaline, and 
white opaline glasses in MP2 and MP3 glasses, respectively. When the 
P2O5 content is more than 1.0 mol%, the change of transparency may be 
caused by excessive phase separation effect of P2O5. The transparency 
then decreases by increasing P2O5 content up to 1.0 mol% accompanied 
by a colour change from yellowish transparent to white opaline. As 
shown in Table 5, the refraction index of the base glasses is about 1.4 and 

decreases progressively with the P2O5 content. In the GC, after a first 
increase of the refractive index in the material containing 1% P2O5, the 
refraction index decreases again due to the change in the composition of 
the crystalline phases. 

The transmittance spectra of the base glass and GC heat treated at 
750 ◦C are shown in Fig. 10 a and b, respectively. In the spectra, there is 
no sharp absorption edge in the spectra, which characterizes the glassy 
nature of samples [55]. It is also observed that the transmittance of MP0 
reaches a transmittance value of approximately 88% in the visible range. 
The increase in the transmittance in the λ~320–400 range is slightly 
sharper after the incorporation of (1.0 mol%) P2O5 whereas by further 
increasing the P2O5 content, the transmittance experiments a smooth 
increases with the wavenumber reaching transmittance values of about 
60% (MP2) and 40% (MP3) at the end of the visible range. 

From the transmission spectra, the colour parameters of both the 
parent glasses and the GC have been calculated using the International 
Commission on Illumination (CIE) L*, a*, b*. The corresponding chro
matic coordinate values are represented in Fig. 10 c. The MP0 and MP1 
samples are characterized by lower values of a* and b* indicating a 
tendency to achromatism whereas the increase of P2O5 content leads to a 
slight shift to reddish colour. 

The optical band gap energy (Ev) of each sample was calculated from 
Tauc’s plot using the data obtained from UV–Visible spectroscopy 
(Fig. 10 a and b). The relation between absorption coefficient (α) and 
incident photon energy (hv) was used as proposed by Mott and Davis 
[56]: 

α=K
(hv − Ev)

n

hv
Equation 3 

Fig. 8. EDX analysis of the GC a) MP0 b) MP1 c) MP2 and d) MP3.  

Fig. 9. Mechanical properties of the materials as calculated by nanoindentation tests.  

Table 5 
Refraction index of the base glasses and the GC.    

MP0 MP1 MP2 MP3 

nD Base glass 1.5420 1.5417 1.5396 1.5365 

Heat-treated at 750 ◦C for 3 h 1.5422 1.5441 1.5408 1.5391  
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where K is a constant, and n is the index, whose value depends on the 
type of the transition taking place that as 2, 3, 1/2 and 3/2 representing 
indirect allowed, indirect forbidden, direct allowed and direct forbidden 
transitions, respectively. In this work, direct allowed transitions (n = 1/ 
2) is valid based on Tauc relations [57]. From the plot of (αhν)2 against 
the photon energy (hν) and the intercept with the X-axis of the linear 
portions of the obtained curves, the energy band gap of optical transi
tions have been calculated and presented in Fig. 10 d. There, it can be 
observed that either in the base glass and the GC, the energy band gap 
reaches values above 3.6 eV for those containing 1% P2O5 and then, 
after a small increase in the amount of this nucleating agent, the band 
gap experiments a strong decrease reaching values of about 3.10 and 
3.13 eV in the MP2 and MP3 samples, respectively. These observations 
must be attributed to the network structural differences brought by the 
additional presence of phosphorus ions. 

4. Discussion 

The addition of fluorine and phosphorus compounds to glass mate
rials is a strategy commonly used for obtaining opaline and frosted 
glasses [58]. In addition, the light transmission of the material depended 
on the phosphorus oxide content [59]. In this work, mica-containing 
glass ceramics have been obtained through the addition of MgF2 and 
P2O5 nucleating agent. As confirmed by X-ray results (Fig. 1), the base 
glasses remain amorphous and the phase separation is effectuated by 
liquation. In the prepared glasses, fluor-phlogopite appeared at tem
peratures as low as 800 ◦C and forsterite crystalline phase is formed at 
the temperatures beyond 900 ◦C. In the material with the highest P2O5 
content, the precipitation of fluor-phlogopite and forsterite appeared at 
750 ◦C and 800 ◦C respectively, a fact that is attributed to the decrease in 
the viscosity of the glasses. The nucleating agent P2O5 can thus promote 
the presence of fluor-phlogopite and forsterite at lower temperatures 

compared to the remainder sample reducing the activation energy of 
both crystal phases in this system. More intense reflections of forsterite 
appeared at 950 ◦C, being indeed forsterite the master phase in the GC 
samples at higher temperatures. This observation contradicts to the re
ported by Cho et al. [60] who found that some deliberate nucleating 
agents including P2O5 were inactive and did not participate in the 
nucleation process. Forsterite crystals containing Mg2+ ions are also 
precipitated when crystallization temperature increased. It is possibly 
due to the increasing of Mg2+ ions mobility from the decomposition of 
fluor-phlogopite, resulting in the formation of forsterite, as observed by 
Faeghi-Nia et al. [61]. Mg2+ can induce the non-uniform arrangement of 
anionic charge [39]. Mg2+ and K+ ions help to the balance of [AlO4]−

tetrahedron, contributing to the formation of [AlO4]2Mg and [AlO4]K 
complexes in glass networks [16]. 

It is reported that glasses with a P2O5 content of 0.0 and 0.5 mol% 
present a surface crystallization mechanism [62] whereas in the LAS 
system, however, trace amounts of P2O5 transforms the system to a bulk 
crystallization [63]. The data collected in Table 3 regarding the n and m 
values indicate that the incorporation of P2O5 leads to a homogeneous 
crystallization mechanism for both exothermic peaks and mainly with 
one- and two-dimensional growth of crystals. In addition, it has been 
demonstrated that glasses that display only surface crystallization have a 
reduced glass transition temperatures, Trg(= Tg/Tm, where Tm is the 
melting temperature), higher than approximately 0.58–0.60, whereas 
glasses with Trg < 0.58 exhibit volume crystallization [64]. The Trg 
obtained for the base glasses summarized in Table 2 indicates that the 
P2O5 content has a considerable effect on the value of Trg due to the 
changes in the viscosity of the glasses. As reported by Glatz et al. 
depending on the concentration of P2O5 with respect of other compo
nents in the glasses and GC, Tg will appear at higher or lower temper
ature [65]. In LMAS GC containing Li2O–MgO–Al2O3 plus F, CaO, ZrO2 
and TiO2, there occurs a bulk-type crystallization and the Tg increases as 

Fig. 10. a) Transmittance spectra of the base glass, b) Transmittance spectra of the corresponding GC c) chromatic coordinate values of the base glasses (as solid 
spots) and the corresponding glass ceramics (as open spots). 
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the P2O5 content does [29], however, in LAS GC, Tg decreases as P2O5 
content is raised [66]. In the prepared GC, an increase in P2O5 content 
leads to a change in the crystallization process of these glasses, from a 
mechanism of surface crystallization that is predominant in MP0 (the 
value of Trg is near to 0.58) to a prevailing volume crystallization in 
MP1, MP2 and MP3. The incorporation of P2O5 to the base glasses re
strains the surface crystallization and promotes bulk crystallization. 

In the present work, there is a possibility of vaporization of fluorine 
during melting and crystallization of the glasses. Treatment at higher 
temperature showed an increase in the crystallinity but with relative 
decrease in fluorinated phase’s contents. The fluorine loss at glass 
composition can be resulted in magnesium and silicon rich phase cor
responds to forsterite formation. In Table 1, there is reported the amount 
of fluorine remaining in the glasses after the thermal treatment. It is 
observed that the amount of fluorine slightly decrease from 3.90 to 
3.30% independently of the P2O5 amount. According to Wood et al. [67] 
volatile silicon tetrafluoride from the surface glass causes the 
re-dissolution of the fluorphlogopite phase and the crystallization of 
fluorine-free phases rather than the fluorphlogopite. In addition, 
Kodaira et al. [68] reported that fluorine deficiency causes fluormica 
compounds to decompose to forsterite. On its side, Mirsaneh et al. [26] 
have reported that less mica formed when more P2O5 was added to mica 
glass-ceramic. In consequence, mica crystallization is affected by the 
sole addition of P2O5 and the fact that the amount of F remains more or 
less constant in the materials suggest that the addition and increasing 
amounts of P2O5 will induce forsterite surface crystallization as pre
dominant phase particularly at high temperatures. The promotion of the 
surface crystallization, as occurs in the P2O5-free GC will therefore 
decrease the loss of the SiF4 thus increasing the stability of the material 
at high temperature. 

According to the FTIR and Raman results (Figs. 5 and 6) the band 
appearing at 880− 887 cm− 1 is associated with asymmetric stretching 
vibrations of Si–O− and Al–O− [44], and the band near 990 cm− 1 cor
responds to the stretching vibrations of Si–O-(Si) [44]. The excellent 
compatibility between the complexes and [SiO4] tetrahedron facilitates 
the formation of mica units [AlSiO3]. The experimentally calculated 
activation energies (for Tc1 and Tc2) of the base glasses (see Table 3) 
have been matched well with the single bond strengths of Al–O (222 kJ 
mol− 1), Mg–O (154 kJ mol− 1), and Si–O (428 kJ mol− 1) present in 
crystal phases formed in the resultant glass-ceramics. 

Early study indicated that liquid–liquid phase separation occurred 
with Mg2+ and K+ containing glass-ceramics [15]. Mg2+ has higher 
cationic field strength compared with K+ and then the addition of MgF2 
tends to phase separation, which improved the nucleation and crystal
lization of glass. Each phase has a different chemical composition and is 
enriched of one or more chemical components compared to the sur
rounding phase. This inference is confirmed by the EDS analysis of the 
base glasses (Fig. 8). The addition of small amount of P2O5 (1.0 mol%) to 
these glass-ceramics changed the microstructure to a characteristic 
flower-like pattern. The difference in both morphologies (presented in 
Fig. 7) lies in the respective crystallization mechanisms. The crystalli
zation mechanism related to crystallization process is found to be 
one-dimensional growth with a fixed number of nuclei for MP0 and 
two-dimensional growth with a constant nucleation rate for MP1, MP2 
and MP3. In addition, P5+ can promote the glass to separate into two 
different composition areas. According to the EDS observation (Fig. 8), 
the concentration of P in the flower-like area is considerably lower than 
in the residual glass. Glendenning and Lee [69] found that the high 
charge density of P5+ indicates that it may be difficult to incorporate 
into the crystal phase. Although P2O5 was added intentionally, it was not 
found in the crystalline phases at 850 ◦C by the XRD results (Fig. 1), 
which revealed that P5+ exist in the residual glass and P2O5 did not 
participate in nucleation process. 

The base glasses show low refractive index (in the range 
1.5368–1.5431). The refractive index decreases gradually with the in
crease of P2O5 content. When heated for 3 h at 750 ◦C, the refractive 

index increases after the formation of crystallites. It can be found that, 
the refractive index of the fluor-phlogopite crystals (1.53–1.573) and the 
glass phase is almost similar. This similarity favours a low light scat
tering. Thus, it is valid that the refractive index slightly increases for the 
formation of crystals. What is more, the continuous variation in glass 
and crystal compositions during crystallization and probably the effect 
of the high charge density of P5+ cause a small change of the refractive 
index with the increase of P2O5 content. 

The Ev depends on the surrounding metal ions and the concentration 
of BO and NBO atoms. The increase of Ev in MP1 is probably related to 
the formation of NBOs which are substituting BO atoms, then the system 
has made it easier for the electrons to move through the materials [70]. 
A similar increase in the content of NBO has been reported for glassy 
silica by introduction of small quantities of P2O5 [71]. Hence, reduction 
of Ev by increasing P2O5 content (>1.0 mol%) of samples was attributed 
to the enhancement of ionic bonds in the matrix and formation of more 
ordered structure due to the creation of BOs [70]. The MP2 and MP3 
base glasses have lost their transparency due to the formation of a 
coarser spinodal phase separation caused by P2O5, and the consequent 
increase in the intensity of scattering light and the decrease in the 
transmission of visible light. The transmittance in the ultraviolet range 
falls at the low wavelength range, and the corresponding absorption 
phenomena are associated with the number of BOs, absorption limit 
shifts to the long wavelength in the case of less BOs [67]. Moreover, the 
optical cut-off of MP0 and MP1 is 315 nm, and shifts to ~360 nm in MP2 
and MP3. As mentioned in Ref. [72], the change of transparency of LAS 
glass-ceramic system (LAS: Li2O− A12O3–SiO2) is caused by excessive 
phase separation due to the excess P2O5 (more than 4 wt%), which 
confirmed our results. in contrast, when the P2O5 content is 1.0 mol%, 
the transmission increase with respect to MP0, showing that the limited 
phase separation effect caused by P2O5 has a positive impact on the 
transparency. It is well known that the optimum nucleation temperature 
lies between Tg and Td, therefore, one stage heat-treatment at 750 ◦C 
was selected, in order to obtain glass-ceramics containing microcrystals, 
consequently keep transparency of the glass. 

After heat-treatment process, the optical energy gap slightly de
creases for the MP0 however it is nearly constant in MP1, MP2 and MP3. 
Therefore, the fine particles corresponded to the fluor-phlogopite crys
tallites, and the glass-ceramic displayed a good transparency. Assuming 
that during the primary stage of crystallization event, droplets of fluor- 
phlogopite first nucleate. When heated for 3 h at 750 ◦C, the samples 
maintained the same characteristics as the base glasses; there is no 
visible change. It is clear from Fig. 10 that the transmittance is reduced 
by the heat-treatment. That is, nano-crystallites precipitated in the glass- 
ceramic samples can scatter the visible ray. If we consider that no heat- 
treatment optimization has been carried out, adding (1.0 mol%) of P2O5 
allowed the production of highly homogeneous initial glass and the in
crease in the transmittance of MP1 glass-ceramic with respect to the 
MP0 sample is of great advantage for certain applications. Yekta et al. 
[25] have reported that the mica crystals morphology can changed from 
platelet to spherical shapes by addition of PbO and P2O5 to the base 
glasses. Hence, it undergoes a dendritic growth into the MgO-rich matrix 
in the glass of this system. Then, it ends by conglomeration of adjacent 
crystalline areas (petals), and results in producing two-dimensional 
flower-like crystals over the phase-separated areas. Further identifica
tion by XRD and FESEM–EDS and some more detailed studies on the 
possible mechanism for the development of this microstructure are 
needed and they will surely lead to a better understanding the genera
tion of this unusual crystal morphology in this system. 

5. Conclusion 

Form these results, it can be concluded that P2O5 additive performs 
better than free-P2O5 for improving crystallization ability (lowering the 
activation energy of crystallization), which also could promotes crys
tallization at lower temperatures because of the decrease in the viscosity 
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of the glasses. Consequently, the base glasses have the spinodal phase 
separation, which coarsened considerably by increasing P2O5 content. 
The predominant crystalline phase is fluor-phlogopite [KMg3(Si3AlO10) 
F2] in the absence of P2O5 and gradually transforms to forsterite by 
increasing P2O5 concentration. The amount of P2O5 added can affect the 
crystal size of glass-ceramics. The heat-treatment schedule has the 
obvious effect on the properties of glass-ceramics. The content of 
precipitated phase becomes higher with rising of crystallization 
temperature. 

The crystallization mechanism based on the calculation of the 
Avrami exponent is found to be one-dimensional growth with a fixed 
number of nuclei for MP0 and two-dimensional growth with a constant 
nucleation rate for glass-ceramics with P2O5. In P2O5-free glass-ceramic 
a the dendritic growth of the aggregated particles is observed, while, 
MP1, MP2 and MP3 glass-ceramic specimens show predominant flower- 
like fluor-phlogopite mica crystal. The crystallization process changes 
from a mechanism of surface crystallization that is predominant in the 
MP0 to a prevailing volume crystallization in glass-ceramics with P2O5. 
P5+ decreases the precipitation temperature of fluor-phlogopite and 
forsterite in K2O–MgO–Al2O3–B2O3–SiO2–MgF2 system from 800 to 750 
◦C and from 900 to 800 ◦C, respectively. With the optimum amount of 
nucleating agent, which is found to be 1.0 mol% P2O5, colourless glass- 
ceramics with about 80% transmittance at visible light spectra can ob
tained by the one stage heat-treatment at 750 ◦C for 3 h. 
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on the crystallization and microstructure of glass-ceramics in the 
SiO2–Li2O–K2O–ZnO–P2O5 system, J. Non-Cryst. Solids 263 (2000) 388–394. 

[63] D. Holland, Y. Iqbal, P. James, B. Lee, Early stages of crystallisation of lithium 
disilicate glasses containing P2O5–An NMR study, J. Non-Cryst. Solids 232 (1998) 
140–146. 

[64] E.D. Zanotto, Bright future for glass-ceramics, Am. Ceram. Soc. Bull. 89 (2010) 
19–27. 

[65] P. Glatz, M. Comte, L. Cormier, L. Montagne, B. Doumert, G.G. Moore, Different 
roles of phosphorus in the nucleation of lithium aluminosilicate glasses, J. Non- 
Cryst. Solids 493 (2018) 48–56. 

[66] X. Guo, H. Yang, C. Han, F. Song, Crystallization and microstructure of 
Li2O–Al2O3–SiO2 glass containing complex nucleating agent, Thermochim. Acta 
444 (2006) 201–205. 

[67] D. Wood, N. Bubb, A. Clifford, R. Hill, J. Knowles, An investigation into the 
crystallization of Dicor glass–ceramic, J. Mater. Sci. Lett. 18 (1999) 1001–1002. 

[68] K. Kodaira, H. Fukuda, S. Shimada, T. Matsushita, A. Tsunashima, Preparation and 
characterization of fluorphlogopite-fluormuscovite mica glass-ceramics, Mater. 
Res. Bull. 19 (1984) 1427–1432. 

[69] M.D. Glendenning, W.E. Lee, Microstructural development on crystallizing hot- 
pressed pellets of cordierite melt-derived glass containing B2O3 and P2O5, J. Am. 
Ceram. Soc. 79 (1996) 705–713. 

[70] H. Elhaes, M. Attallah, Y. Elbashar, A. Al-Alousi, M. El-Okr, M. Ibrahim, Modeling 
and optical properties of P2O5–ZnO–CaO–Na2O glasses doped with copper oxide, 
J. Comput. Theor. Nanosci. 11 (2014) 2079–2084. 

[71] V. Klyuev, A. Mal’shikov, Synthesis and properties of SiO2–P2O5 glasses, Fiz. 
Khim. Stekla 15 (1989) 746–749. 

[72] J. Wu, C. Lin, J. Liu, L. Han, H. Gui, C. Li, T. Liu, A. Lu, The effect of complex 
nucleating agent on the crystallization, phase formation and performances in 
lithium aluminum silicate (LAS) glasses, J. Non-Cryst. Solids 521 (2019), 119486. 

K. Ariane et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0272-8842(22)04178-5/sref46
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref46
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref46
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref47
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref47
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref47
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref48
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref48
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref48
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref49
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref49
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref49
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref50
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref50
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref51
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref51
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref52
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref52
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref53
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref53
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref53
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref54
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref54
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref54
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref55
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref55
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref56
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref56
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref57
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref57
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref58
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref58
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref59
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref59
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref60
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref60
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref60
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref61
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref61
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref61
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref62
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref62
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref62
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref63
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref63
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref63
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref64
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref64
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref65
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref65
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref65
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref66
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref66
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref66
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref67
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref67
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref68
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref68
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref68
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref69
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref69
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref69
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref70
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref70
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref70
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref71
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref71
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref72
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref72
http://refhub.elsevier.com/S0272-8842(22)04178-5/sref72

	Optimization of the nucleating agent content for the obtaining of transparent fluormica glass-ceramics
	1 Introduction
	2 Experimental
	2.1 Preparation of materials and procedures
	2.2 Characterization

	3 Results and discussion
	3.1 Evolution of the crystalline phases
	3.1.1 XRD
	3.1.2 Thermal properties
	3.1.3 Crystallization kinetics
	3.1.4 Spectroscopic characterization

	3.2 Morphology in mica-containing glass-ceramics
	3.3 Mechanical properties
	3.3.1 Optical characteristics of the GC


	4 Discussion
	5 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


