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A B S T R A C T   

In glass-ceramic design, the two most crucial factors are composition and microstructure both factors control the 
ability to form a glass and determines its degree of workability. The composition also determines whether in
ternal or surface nucleation can be achieved. If internal nucleation is desired, as is the case in hot forming 
glassware, right nucleating agents are melted into the glass as part of the bulk composition. For this reason, this 
research work focuses on obtaining glass-ceramic cordierite starting from a parent glass of the MgO
–Al2O3–SiO2–MoO3 system, using NiO, ZrO2 and TiO2 in a range of 1%Wt to 3%Wt, with the objective of 
identifying which of the oxides most favors the formation of cordierite. Twelve samples were prepared, which 
were characterized by thermal gravimetric analysis (TGA), differential thermal scanning analysis (DSC), X-ray 
diffraction (XRD), Elemental X-ray mapping (SEM), and Infrared spectra using the ATR technique (FT-IR). It was 
found that NiO is the oxide that most promotes the formation of the cordierite phases, in addition to the use of 
molybdenum as part of the parent glass, which lowers the crystallization temperature of the crystalline phases 
obtained. This is determined with the results of phase quantification using the Rietveld method, by XRD, where 
the samples with NiO add up to a content greater than 90 % of cordierite α and β. And it is supported by the SEM 
results, where the characteristic hexagonal morphologies of cordierite are identified, the IR characterization 
results where the bands of the bonds of the phases identified by XRD are identified.   

1. Introduction 

Glass-ceramics are approximately 65 years old, noted for their un
usual combination of properties leading to a variety of high-tech prod
ucts for consumers and specialty markets. The first original definition 
considered was that of Stookey of 1958: “Glass-ceramics are manufac
tured by first melting and forming special glasses, which contain 
nucleating agents that cause controlled crystallization of the glass” 
[1–4]. However, due to the developments in the last six decades, 
Deubener et al. propose an updated and more complete definition: 
“glass-ceramics are inorganic and non-metallic materials prepared by 
controlled crystallization of glasses through different processing 
methods. They contain at least a type of functional crystalline phase and 
a residual glass. The crystallized volume fraction can vary from ppm to 
almost 100 % [2]. 

Describing the manufacturing process by which glass-ceramic 

materials are obtained, it can be said: these materials are obtained by 
controlled crystallization of non-metallic inorganic glasses, their mi
crostructures comprise at least one type of functional crystal and a glassy 
fraction, and the volume fractions of crystals and glass above the ppm 
level are suitable in the definition of glass-ceramics. However, if the 
glasses are mixed with other crystalline materials (ceramics, metals, 
semiconductors, or polymers), they are composites and are not consid
ered glass-ceramics. The same rule applies to non-glass (without Tg) 
amorphous precursors, and to glasses in which only metal particles 
precipitate after crystallization, as they are not “stabilized”. Further
more, “nucleated” glasses containing only crystalline nucleating agents 
are not considered glass-ceramics, since a desired functionality is typi
cally not achieved by this desired crystallization [ [2,5–7]]. 

One of the most used systems for manufacturing ceramic materials is 
the MgO–Al2O3–SiO2 (MAS) system, due to the sizable number of 
experimental studies conducted over several decades. However, the 
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quality of these studies varies substantially, spinels have been repeat
edly studied and are known in detail, equilibrium relationships for other 
compositions of the MAS system are only partially known and often in 
previous studies that have not been revisited by more modern experi
mental and analytical techniques [8]. Therefore, the glass-ceramic ma
terials within this system are not the exception. Cordierite is one of the 
most important phases of the MAS system, due to its valuable properties 
and great commercial appeal. In general, cordierite has a low expansion 
coefficient, high resistance to thermal shock, high refractoriness, 
chemical stability, low thermal conductivity and dielectric constant, and 
good mechanical properties [9–11]. In view of the properties that it 
exhibits individually and as a composite material, cordierite is used in 
the manufacture of refractories, insulators, filters, catalytic supports, 
pigments, enamels, corrosion-resistant materials, among others [11,12]. 
Cordierite presents as the most accepted global formula 2MgO
⋅2Al2O3⋅5SiO2, with a composition of 13.8 % MgO, 34.8 % Al2O3 and 
51.4 % SiO2 [9,13,14]. Natural cordierite is not pure in magnesium; it 
presents cations of Mg2+, Al3+, Si4+ substituted or inserted in the 
structure [10–17]. Natural cordierite minerals are very rare in nature 
and have high percentages of iron, which is why they are not used for the 
manufacture of ceramics [13,14]. Cordierite exhibits three forms of 
polymorphism (α, β and μ – cordierite) [10,14,17]; the hexagonal phase 
or α-cordierite is stable between 1450 ◦C and 1460 ◦C, this polymorph is 
also called high temperature cordierite or indialite (Fig. 1a). Ortho
rhombic cordierite or β-cordierite is stable below 1450 ◦C, it is also 
called low-temperature cordierite (Fig. 1b). The metastable form or μ – 
cordierite is a difficult phase to obtain and requires many hours for its 
crystallization, which occurs between 800 and 900 ◦C [9]. Transition 
metal oxides are widely used to obtain glass-ceramics because they can 
play two important roles in the crystallization of the phases of interest, i) 
They can dramatically affect the rate of nucleation, acting as nucleating 
agents, or ii) They can give specific properties to the glass-ceramic, 
acting as “active” agents [18–22]. 

In previous studies, transition metal ions have been used as dopants 
in obtaining cordierite; obtained through the crystallization of magne
sium aluminosilicate glasses and cordierite glasses doped with Mg and 
NiO. Golubkov et al. [23,24] investigated the effect of the addition of NiO 
on the phase separation and crystallization of magnesium aluminosili
cate glasses with equimolar contents of MgO and Al2O3 nucleated by 
TiO2 and doped with 0.5–5 mol% of NiO. They observed the reduction in 
the crystallization capacity of the magnesium aluminosilicate phase 
with an increase in the NiO content leading to its complete suppression 
in the presence of 5 mol% NiO. 

Alekseeva et al. [25] studied the phase transformations in NiO-doped 
magnesium aluminosilicate glasses nucleated by ZrO2 and reported the 
change in absorption spectra of the material due to the entry of Ni2+ ions 
into the aluminosilicate crystal phases. Boberski and Giess [26] studied 
the isothermal crystallization behavior of stoichiometric powdered 

cordierite glasses containing NiO and found the existence of a complete 
crystalline solid solution between magnesium cordierite (Mg2Al4Si5O18) 
and nickel cordierite (Ni2Al4Si5O18). They also concluded that the for
mation of nickel-containing cordierite was independent of the nickel 
content of the glass. Other oxides used as nucleating agents are TiO2 and 
ZrO2, in the conventional methods for obtaining cordierite, however, 
they present a problem when used as conventional nucleating agents, 
since several weight % are required to achieve nucleation suitable for 
glass. These agents not only provide nucleation sites for the main crys
talline phases, but also precipitate to form secondary phases in the final 
material [27]. 

On the other hand, Abdelwahab et al. carried out a study where they 
varied the TiO2/GO ratio in the SiO2–Al2O3 system with the aim of 
observing the effect on the mechanical and electrical properties, using 
the sol gel method for the preparation of glass-ceramic samples. They 
observed that some properties such as density and friction coefficient 
decrease as the GO content increases, other properties such as micro
hardness and electrical properties showed an increase when the TiO2/ 
GO weight ratio was equal to 20/5 %wt [28]. 

Regarding research focused on the effect of MoO3 on cordierite 
crystallization, Maeda et al. carried out a study in which small per
centages of MoO3 and WO3 were used in the fusion of glasses from the 
MAS system, they determined that molybdenum oxide exerted a stron
ger effect on nucleation than tungsten oxide, it helped the formation of 
more crystals, achieving a glass-ceramic with a fine microstructure 
under heat treatment up to 1050 ◦C. Furthermore, this pair of oxides are 
effective as dopants at much lower concentrations than standard oxides 
that have been used as nucleators such as TiO2 or ZrO2. Therefore, MoO3 
and WO3 could potentially improve the performance of the glass- 
ceramic. Molybdenum is specifically promising because it achieves 
glass-ceramics with a fine microstructure [29]. Finally, Dordević et al. 
added 20%wt of MoO3 to a mixture of 80%Wt of MAS to subsequently 
analyze the microstructural evolution in a temperature range of 
850 ◦C–1300 ◦C, with which they determined that Al2O3 forms inter
mediate compounds with MoO3 in a range of temperature of 850 ◦C and 
1100 ◦C, MgMoO4 is detected after sintering MgO and MoO3 at 850 ◦C 
and 1100 ◦C, they also observed the formation of the cordierite phase at 
1200 ◦C, so they conclude that MoO3 can be used to lower the sintering 
temperature and cordierite formation by more than 150 ◦C [30]. 

Although interesting studies have been conducted to examine the 
influence of transition element oxides such as NiO, WO3, ZrO2, TiO2 and 
MoO3 on the microstructural evolution of the most important phases of 
the MAS system and cordierite glasses, until to date, no studies have 
been reported with the influence of MoO3 and the different most used 
dopants. Therefore, more complete data is required so that a clearer 
understanding of crystallization processes can emerge. In this sense, the 
objective of this work is to contribute to knowledge by studying the 
influence of NiO, TiO2 and ZrO2 as dopant elements in obtaining 

Fig. 1. a) Crystal structure of high temperature indialite or α-cordierite with hexagonal system; and b) β-cordierite with orthorhombic system), (Si/Al)O4 tetra
hedrons orderly arranged in [(Si4Al2)O18] hexagonal rings and among the rings, [MgO6] octahedral connected by one [SiO4] and two [AlO4] [17]. 
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cordierite, on the MgO–Al2O3–SiO2–MoO3 system, with the aim of 
obtaining a lower crystallization temperature and observing the effects 
of the oxides proposed as dopants, to determine which of the three has 
the most favorable effect on cordierite formation, which will allow 
modifying the mechanical properties of glass-ceramics. For this purpose, 
twelve samples with specific variations of 1%wt, 2%wt, and 3%wt of 
NiO, TiO2 and ZrO2 from 0 to 3 wt% were analyzed by differential 
thermal analysis (DTA), X-ray diffraction (XRD), scanning electron mi
croscopy (SEM) and Infrared spectra using the ATR technique (FT-IR). 

2. Materials and methods 

For the preparation of the parent glass, a composition close to the 
stoichiometric chemical composition of cordierite was selected in the 
phase diagram of the MAS system [31]. Reagent grade powders of MgO 
(99 %, 325 mesh), Al2O3 (99 %, 325 mesh), SiO2 (99 %, 325 mesh), 
MoO3 (99 %, 325 mesh), NiO (nanoparticles, <150 nm, 95 %) TiO2 
(nanoparticles, <150 nm, 95 %) and ZrO2 (nanoparticles, <150 nm, 95 
%) were used, which were bought from the Sigma Aldrich® Company. 
Table 1 shows the atomic properties of the elements present in the 
parent glass and the role they play in the formation of glass. For the 
preparation of the parent glass, the chemical composition of the mixture 
called M7 was used (See Table 2). Once the mixture was weighted, it was 
subject to a mixing process for 2 h at 350 rpm, in a RESTCH model PM 
400 planetary mill. Once the mixture was obtained, it was melted in a 
platinum crucible using the same oven, with a ramp of heating at 7 ◦C/s, 
until reaching the maintenance temperature of 1600 ◦C and kept there 
for 2 h. Subsequently, it was subject to cooling by thermal shock, using 
water at room temperature, thus obtaining the glassy phase. After 
obtaining the parent glass, it was subject to XRD to determine its 
amorphous phase, it was also characterized by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) to determine its chemical compo
sition (See Table 2). The parent glass was subject to a grinding process, 
using the RESTCH PM 400 brand mill, at a speed of 350 rpm for 5 h, and 
a zirconium container, resulting in fine powders of parent glass with a 
particle size within the 1.02–3.45 μm range (determined by scanning 
electron microscope; FESEM SU5000 Hitachi). Subsequently, the mix
tures for the preparation of the samples were made by adding oxides 
(NiO, TiO2 and ZrO2) as nucleants in quantities of 1%wt, 2%wt and 3% 
wt to the parent glass. The samples were identified as 1A, 1B, 1C, 2A, 2B, 
2C, 3A, 3B and 3C, as shown in Table 2. To prepare the solid samples, an 
MTI brand uniaxial hydraulic press was first used with a pressure of 2 
Ton for 1 min, giving samples of 0.5 inches in diameter. To find the 
sintering temperature of the samples, the parent glass was characterized 
using the differential scanning calorimetry (DSC) technique, with which 
it was determined that the phase of interest (cordierite) can be obtained 
at 1200 ◦C, once the sintering temperature was determined, the rest of 
the samples (1A, 1B, 1C, 2A, 2B, 2C, 3A, 3B and 3C) were prepared and 
subjected to heat treatment using a Thermo Scientific HERATHERM 
drying oven. The drying treatment was conducted at a temperature of 
100 ◦C for a period of 2 h, to eliminate traces of moisture before sub
jecting them to the sintering process. The sintering of the samples was 
conducted at a temperature of 1200 ◦C and a dwelling time of 2 h, in the 
same oven that the fusion of the parent glass was carried out. For 
structural and compositional characterization, the samples were milled 

Table 1 
Atomic properties of the elements present in the samples [8].  

Element Atomic 
radius 

Electronegativity Valence Atomic 
weight 

Glass forming 
elements 

Si 1.1 1.9 4 28.06 Network 
former 

Al 1.25 1.61 3 26.98 Network 
former and 
Intermediate 

Mg 1.5 1.31 2 24.30 Network 
modifier 

Mo 1.45 2.16 2,3,4,5,6 95.94 Network 
modifier 

Ni 1.35 1.91 0,2,3 58.6934 Network 
former 

Zr 1.55 1.33 4 91.224 Network 
former and 
Intermediate 

Ti 1.4 1.54 − 1, 
1,2,3,4 

47.867 Intermediate  

Table 2 
Chemical composition of samples in %wt.  

Sample SiO2 

(% 
wt.) 

Al2O3 

(%wt.) 
MgO 
(%wt.) 

MoO3 

(%wt.) 
NiO 
(% 
wt.) 

ZrO2 

(% 
wt.) 

TiO2 

(% 
wt.) 

M7 45 22.5 10.0 22.5    
Parent 

Glass 
52.1 26.35 11 10.55 –   

1A 51.58 26.08 10.9 10.44 1   
1B 51.06 25.80 10.8 10.34 2   
1C 50.54 25.56 10.67 10.23 3   
2A 51.58 26.08 10.9 10.44  1  
2B 51.06 25.80 10.8 10.34  2  
2C 50.54 25.56 10.67 10.23  3  
3A 51.58 26.08 10.9 10.44   1 
3B 51.06 25.80 10.8 10.34   2 
3C 50.54 25.56 10.67 10.23   3  

Fig. 2. a) TGA and b) DSC of samples M7, Parent glass and parent glass sintered at 1200 ◦C.  
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in the RESTCH 400 mill for 30 min at 250 rpm. 
The compositional and structural study of each of the samples ob

tained was conducted using the following techniques, TGA and DSC 
using a TA Instruments Q600 brand equipment, with which the 
sequence of thermal decomposition in an air atmosphere was deter
mined, in a temperature range of 100 ◦C to 1400 ◦C, using a heating 
ramp of 10 ◦C/min. The evolution of the crystalline phases as a function 
of temperature was determined by X-ray diffraction using a Panalytical 
Empyrean X-ray diffractometer with a Cu X-ray source (Kα = 1.5405 Å), 
and for the identification of the phases the database of the International 
Centre for Diffraction Data (ICDD) was used. For the characterization by 
scanning electron microscopy (SEM), a FESEM SU5000 Hitachi micro
scope was used. Finally, for the characterization by infrared spectrom
etry, an Alpha Platinum FT-IR (Bruker Optics Inc) series equipment was 
used to obtain infrared spectra using the ATR technique with diamond 
crystal, the spectra were accumulated in 64 scans at 2 cm− 1. 

2.1. Results 

Once the samples were prepared with the compositions specified in 
Table 1, and after applying the heat sintering treatment at 1200 ◦C with 
a dwelling time of 2 h, the characterization continued in the order 
mentioned below. 

2.1.1. Parent glass 
A thermal analysis was carried out to examine the development of 

the phases in the M7 sample, the parent glass, with the aim of deter
mining the optimum sintering temperature of the samples to which 
oxides were added as nucleating agents. This analysis was carried out in 
a temperature range of 25–1400 ◦C. It can be seen in Fig. 2a that the 
three samples show a weight loss of less than 2 % in a temperature range 
of 25–550 ◦C, which can be attributed to water loss. Sample M7 remains 
constant from 550 to 1150 ◦C, however at 1150 ◦C a significant weight 

Fig. 3. X-ray diffraction of sintered parent glass in a temperature range of 1100 ◦C–1400 ◦C.  

Fig. 4. X-ray mapping of the parent glass, a) backscattered electrons, b) Oxygen, c) Magnesium, d) Aluminum, e) Silicon, and f) Molybdenum  
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loss of 18 % begins, which can be related to the evaporation of MoO3 
[31]. In the case of the parent glass sample, the sample weight remains 
constant up to 950 ◦C, followed by a 0.5 % weight loss over a temper
ature range of 950–1000 ◦C which can be associated to the loss of MoO3. 
Subsequently there is a weight loss of 3 % from 1000 to 1180 ◦C also 
associated with the loss of MoO3, conclusively a weight loss of 6 % is 
observed in a temperature range of 1180 at 1400 ◦C attributed to the 
formation of glass in addition to the loss of MoO3, finally in the sintered 
parent glass sample a total weight loss of 1.5 % is observed associated 
with the evaporation of MoO3 during melting glass [31–34]. 

The DSC results are shown in Fig. 2b, were an endothermic peak 
around 200 ◦C can be observed for all cases and it is related to the effect 
of loss of residual water in the sample. In the case of the sample M7, an 
exothermic peak is observed at 600 ◦C related to dehydroxylation, then 
the glass transition temperature (Tg) is observed for the three cases, in a 
temperature range of 790–820 ◦C, where it is highlighted that it is easier 
to identify the Tg for the parent glass sample sintered at 1200 ◦C, 
because it is a crystalline sample [32]. Continuing with the analysis of 
the curves we can observe that for the parent glass sample and parent 
glass sintered at 1200 ◦C there is a pronounced exothermic peak at 
temperatures of 930 and 990 ◦C respectively, which are attributed to the 

formation of cordierite β, and because it is a less stable phase than the α 
phase, a higher energy is needed for its crystallization, as can be seen in 
the small exothermic peak that occurs at a temperature of 1200 ◦C for 
the parent glass sample, which corresponds to the crystallization of the α 
cordierite. There is an endothermic peak in the three samples that can be 
attributed to the beginning of melting glass, in the M7 sample it is 
located at 1190 ◦C, in the parent glass sample it is located at 1200 ◦C and 
in the parent glass sample sintered is placed at 1220 ◦C [30,32,33]. With 
the analysis of the DSC curves, and considering that the thermal analyses 
were conducted at a speed of 10 ◦C/min, the curve of the sample M7 
does not present a crystallization of phases because we are starting from 
a mixture of oxides and before crystallization the formation of glass 
begins, in the case of the parent glass sample, it crystallizes to some 
degree but not completely due to the speed at which the analysis was 
carried out, and finally in the parent glass sample sintered at 1200 ◦C, it 
is observed that the energy necessary for the crystallization of the 
retained glass is lower with respect to the other two samples, due to the 
fact that it is a glass-ceramic sample. Considering the results of the TGA 
and DSC analyses, it can be determined that the stepped weight loss 
observed in the parent glass sample can be directly attributed to MoO3 
evaporation, however the partial MoO3 retention is attributed to the 

Fig. 5. Elemental X-ray mapping of the parent glass sintered at 1200 ◦C, a) backscattered electrons, b) Oxygen, c) Magnesium, d) Aluminum, e) Silicon, and 
f) Molybdenum. 

Fig. 6. a) TGA and b) DSC of Parent glass, samples 1A, 1B and 1C sintered at 1200 ◦C.  
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crystallization of the main phases and the formation of glass; because 
Molybdenum is likely to become part of the crystalline structure of the 
phases that are formed in the temperature range of 1000 ◦C–1400 ◦C, as 
mentioned by Đorđević et al. [30,31]. 

In Fig. 3, the diffractograms of the sintered glass sample are shown, 
were the result of the thermal analyses were taken as a reference and 4 
samples were sintered in a temperature range of 1100–1400 ◦C. It is 
observed that the main phases that occur in the temperature range of 
1100–1400 ◦C are α-cordierite, β-cordierite, magnesium molybdate, 
quartz and cristobalite. The diffractograms of the sintered samples at 
1100, 1200 and 1300 ◦C keep the same intensities in the reflections, 
which shows that the crystallinity is similar, however the percentages of 

each phase in each sample may vary slightly. On the other hand, a 
decrease in the intensities of the reflections is observed in the sample 
sintered at 1400 ◦C, which is attributed to the dissolution of crystals as 
observed in the DSC curve. Therefore, the temperature of 1200 ◦C is 
chosen to sinter the samples with nucleating oxides. 

In Fig. 4, the results of elemental X-ray mapping of the parent glass 
are shown, where it is observed that the composition of the sample is 
almost homogeneous, only a few small clear spots can be observed, 
which may be small concentrations of Molybdenum, the rest of the 
observed area is homogeneous because it is in a glassy state without 
forming any specific crystalline phase. Fig. 5 shows the results of the X- 
ray mappings of the parent glass sample sintered at 1200 ◦C, in this case 
it is observed that the morphology of the particles differs in size with 
respect to the parent glass sample, due to the fact that only the vitreous 
phase is present in the parent glass sample; also in Fig. 5, there are small 
concentrations of elements, which is attributed to the formation of 
specific phases within a vitreous matrix, such as cordierite, Magnesium 
molybdate, quartz and cristobalite, as determined by means of the X-Ray 
Diffraction technique. 

2.1.2. Parent glass + NiO 
Fig. 6a shows the TGA carried out on the parent glass, 1A, 1B and 1C 

samples, since with this technique it is not possible to structurally 
identify any material, the technique is defined solely to identify weight 
losses. It is observed that the parent glass sample and 1C show a weight 
loss of 13 % and 14 % respectively, the weight losses for samples 1A and 
1B show a weight loss of 7 % and 8 % respectively, the weight losses are 
associated with the evaporation of the MoO3 that is still present in the 
parent glass. Some aspects that we can highlight from the TGA is that 
when 3 % NiO is added, the behavior is similar to that of the parent 
glass, with this it can be determined that there may be an agglomeration 
of Molybdenum, therefore it is not integrated into the crystalline phases 
that are being formed, otherwise with sample 1A and 1B, in this case it is 
likely that Molybdenum is retained because it forms part of the crys
talline phases that are forming. The DSC for the parent glass sample, 1A, 
1B and 1C, can be seen in Fig. 6b, the endothermic peak that occurs at 
200 ◦C corresponds to the evaporation of residual moisture retained by 

Fig. 7. X-ray diffraction of sample of parent glass, Sintered parent glass at 1200 ◦C, 1A, 1B y 1C.  

Fig. 8. X-Ray Diffraction Rietveld analysis at 1200 ◦C for samples parent glass, 
sintered parent glass (SPG), 1A, 1B y 1C. 
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Fig. 9. Samples sintered at 1200 ◦C for 2 h, SEM secondary electrons, a) 1A, b) 1B and c) 1C.  

Fig. 10. Sample 1A sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen, d) Magnesium, e) aluminum, f) 
Silicon, g) Molybdenum and h) Nickel. 
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the sample, in a range from 791 to 806 ◦C the glass transition temper
ature is presented for the four samples where it is observed that in the 
case of sample 1B it is revealed more clearly, because the phases crys
tallize more easily compared to the three other samples, in the range of 
967–979 ◦C an exothermic peak is presented and corresponds mainly to 
the crystallization of the cordierite phase. Following the DSC curve a 
small exothermic peak is observed at 1120 ◦C for the three samples 
corresponding to the crystallization of α cordierite and secondary phases 
such as SiO2, silicates and aluminosilicates [32,33]. Finally, an endo
thermic peak is observed in a range between 1160 ◦C and 1180 ◦C, 
which corresponds to the melting of the crystals. 

Fig. 7 shows the diffractograms of the parent glass sample, parent 
glass sintered at 1200 ◦C, 1A, 1B and 1C, with the aim of observing the 
difference in the intensities of the reflections of the main phases when 
adding the NiO as nucleant, firstly it is observed that the parent glass 
sample is amorphous, then the sintered parent glass sample is observed 
at 1200 ◦C where the phases of cordierite α, cordierite β, magnesium 
molybdate, quartz and cristobalite are identified. Adding NiO increases 
the intensities of the reflections of the main phases, therefore NiO pro
motes the formation of the main phases such as cordierite α and cordi
erite β, taking as reference the previous study carried out by Boberski 
and Giess, Nickel could be an active part of the cordierite structure and 
also functions as a nucleating agent for crystal formation [26]. 

Fig. 8 shows the results of the phase quantification analysis by the 
Rietveld method with the support of the High Score plus® software. It is 
observed that the α-cordierite is the phase with the highest percentage in 
all the samples, even though when adding NiO, cordierite decreases 

approximately 5 %, β-cordierite increases 9 %, so when adding the two 
phases, more than 90 % Cordierite is obtained in all samples. It is 
important to mention that NiO does not form secondary phases, there
fore it can be suggested that it enters the cordierite structure, and 
considering its electronic properties (Table 1), Ni can eventually take the 
positions of Al. 

On the other hand, the secondary phases formed are magnesium 
molybdate, cristobalite and quartz, the sum of the percentage by weight 
of the three is approximately 7.5 % in the sample without NiO, in this 
case adding NiO decreases the percentage of the secondary phases 
because the cordierite phase increases. 

Fig. 9 shows the morphologies obtained by SEM analysis in samples 
1A, 1B and 1C after the heat treatment. In Fig. 9a, which corresponds to 
sample 1A with a content of 1 % Wt. of NiO, hexagonal platelets char
acteristic of the beginning of the crystallization of the glass-ceramic 
cordierite α are observed [35], the morphology of the cordierite β and 
some glassy-phase particles are also identified, due to the fact that the 
samples were crushed for analysis, the hexagons can be appreciated 
separated, in Fig. 9b the characteristic hexagon of the hexagonal 
cordierite is observed within the glassy phase, in addition to identifying 
the β cordierite phase, in Fig. 9c the glassy phase is observed, however 
they it is not readily identifiable to the naked eye as the α and β cordi
erite primary phases. 

Figs. 10–12 show the results of the Elemental X-ray mapping for 
samples 1A, 1B and 1C respectively, where the presence of oxygen, 
magnesium, aluminum, silicon, molybdenum, and nickel is observed. In 
the case of sample 1A (Fig. 10) a homogeneous distribution of oxygen, 

Fig. 11. Sample 1B sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen, d) Magnesium, e) aluminum, f) 
Silicont, g) Molybdenum and h) Nickel. In the case of the FT-IR spectrum of the Sintered Parent Glass, two bands are observed that can be attributed to the glassy 
phase at 450 cm− 1 910 cm− 1, the band at 450 cm− 1 corresponds to the bending vibration of Si–O–Si in [SiO4]-tetrahedron. The band that is close to 910 cm− 1 and can 
be related to the symmetrical stretching vibration of the Si–O–Si bond [35,36]. The band observed at 764 cm− 1 corresponds to the stretching vibration of the Mo–O 
bond that is associated with the magnesium molybdate phase that was identified by XRD [37]. The 482 cm− 1, 605 cm− 1 and 1084 cm− 1 bands correspond to the 
quartz and cristobalite phases that were identified by XRD; the band at 482 cm− 1 can be attributed to bending vibration of Si–O bond, and the bands at 605 cm− 1 and 
1084 cm− 1 are attributed to the asymmetric stretching vibration of the Si–O bond [36,38,39]. 
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magnesium and silicon; aluminum concentrations in specific areas and 
small concentration zones of molybdenum and nickel are also observed. 
In sample 1B (Fig. 11), a homogeneous distribution of oxygen and sili
con in the vitreous zone, while magnesium, aluminum and molybdenum 
are concentrated in another specific area that corresponds to the char
acteristic phases such as cordierite and magnesium molybdate, and 
nickel is distributed throughout the image. Sample 1C (Fig. 12) shows 
the concentration of oxygen, magnesium, aluminum and silicon in the 
same area, which indicates homogeneity in the material; the vitreous 
phase and crystalline phases may be present within the same area; 
Molybdenum presents points of higher concentration, which indicates 
that the higher percentage of nickel helps the formation of magnesium 
molybdate and reduces the possibility of increasing the quantity of the 
phases of interest in the sample. 

Fig. 13 shows the IR spectra for the parent glass sample, parent glass 
sintered at 1200 ◦C, 1A, 1B and 1C. For the FT-IR spectra of the parent 
glass, four main bands are identified, the band at 450 cm− 1 corresponds 
to the bending vibration of Si–O–Si in [SiO4]-tetrahedron. The band at 
700 cm− 1 is attributed to the symmetrical stretching vibration of the 
Al–O–Al bond in the [AlO4]-tetrahedron. The band at 800 cm− 1 corre
sponds to the interaction of Si–O–Si tetrahedral bridging bonds in SiO2. 
The band is close to 910 cm− 1 may be related to the symmetrical 

stretching vibration of the Si–O–Si bond. The band at 1097 cm− 1 cor
responded to the asymmetric stretching vibration of the Si–O–Si bond in 
the [SiO4]-tetrahedron [35,36]. 

2.1.3. Parent glass + ZrO2 
Fig. 14a shows the TGA performed on the parent glass samples, 2A, 

2B and 2C; it is observed that the parent glass sample and 2C show a 
weight loss of 13 % and 14.2 % respectively, the weight losses for 
samples 2A and 2B show a weight loss of 6.9 % and 7.48 % respectively, 
ZrO2 has a very similar effect to that of NiO in the parent glass when 
used as a nucleant, therefore weight losses are associated with the 
evaporation of the MoO3 that is still present in the parent glass, in the 
case of sample 2C it is observed that when adding 3 % ZrO2 the behavior 
is similar to that of the parent glass; with this it can determine that there 
may be an agglomeration of molybdenum, therefore it is not integrated 
into the crystalline phases that are being formed, otherwise with sample 
2A and 2B, in this case it is likely that molybdenum is retained because it 
is part of the crystalline phases that are forming. The DSC for the parent 
glass sample, 2A, 2B and 2C, can be seen in Fig. 14b; the endothermic 
peak that occurs at 200 ◦C corresponds to the evaporation of residual 
water retained by the sample, later in a range from 791 to 804 ◦C, the 
glass transition temperature is presented for the four samples where it is 

Fig. 12. Sample 1C sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen, d) Magnesium, e) aluminum, f) Silicon, 
g) Molybdenum and h) Nickel. The FT-IR spectra of samples 1A, 1B and 1C sintered at 1200 ◦C are similar, according to the XRD results they hold the same phases 
with a small percentage difference. In the three spectra a band is observed at 450 cm− 1 that corresponds to the bending vibration of Si–O–Si in the [SiO4]- 
tetrahedron, which is characteristic of the parent glass or glassy phase. The 479 cm− 1, 605 cm− 1, 790 cm− 1, 1055 cm− 1 and 1084 cm− 1 bands correspond to the 
quartz and cristobalite phases. The 479 cm− 1 band can be attributed to bending vibration of the Si–O bond. The bands at 605 cm− 1, 1055 cm− 1 and 1084 cm− 1 are 
attributed to the asymmetric stretching vibration of the Si–O bond, the band at 790 cm− 1 corresponds to the symmetric stretching vibration of the Si–O bond [ 
[39–41]]. The 752 cm− 1 and 821 cm− 1 band correspond to the stretching vibration of the Mo–O bond, the 890 cm− 1 band corresponds to the stretching vibration of 
the Mo–O–Mo bond and the band at 920 cm− 1 correspond to the stretching vibration of the Mo––O bond, these 4 bands are attributed to the magnesium molybdate 
phase that was identified by XRD [37]. The bands found at 561 cm− 1, 650 cm− 1, 700 cm− 1, 840 cm− 1, 955 cm− 1 and 1166 cm− 1, correspond to the cordierite phase. 
The 561 cm− 1 band is attributed to the characteristic vibration of the Al–O bond, the 650 cm− 1 band corresponds to the Mg–O bond, the at 700 cm− 1 and 840 cm− 1 

could be attributed to symmetrical stretching vibration of the Al–O–Al bond in [AlO4]-tetrahedron, the bands at 955 cm− 1 and 1166 cm− 1 are identified as vibrations 
of the Al–O bond inside a tetrahedron [29,36,42–46]. Finally, the bands found at 525 cm− 1 and 685 cm− 1 are the characteristic vibrations that correspond to the 
Ni–O bond [44]. 
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observed that in the case of sample 2A it is revealed more clearly, 
because the phases crystallize more easily compared to the others. Three 
other samples, in the range of 970 ◦C to 984 ◦C present an exothermic 
peak that corresponds mainly to the crystallization of the cordierite 
phase. Following the DSC curve a small exothermic peak is observed at 
1120 ◦C that corresponds to the crystallization of α cordierite and sec
ondary phases such as SiO2, silicates and aluminosilicates. Finally, an 
endothermic peak is observed in a range from 1150 ◦C to 1210 ◦C that 
corresponds to the melting of the glass, the parent glass sample has the 
lowest glass melting temperature and the sample 2B has the highest. 

Fig. 15 shows the diffractograms of the parent glass, parent glass 
sintered at 1200 ◦C, 2A, 2B and 2C samples, when using ZrO2 as 
nucleant, the crystalline phases identified are the following, cordierite α, 
β-cordierite, mullite, magnesium molybdate, zirconium silicate, quartz 
and cristobalite, ZrO2 has a similar effect on the parent glass as NiO, 
promoting crystallization of the main phases, this is observed in the 
increase of the intensity of the reflections of the phases present, unlike 

NiO, ZrO2 has a greater affinity with SiO2, for this reason it tends to form 
zirconium silicate as a secondary phase, which decreases the percentage 
of cordierite in the material. 

Fig. 16 shows the results of the phase quantification by the Rietveld 
method with the support of the High Score plus® software. In this case, a 
slight decrease in the sum of the percentage of cordierite phases is seen 
in comparison with the samples holding NiO (Fig. 8). As in the case of 
the samples that hold NiO, the α-cordierite is the phase with the highest 
percentage in all the samples, followed by the β-cordierite, when adding 
values in the percentage range of 86.4 %–94.4 %, they are obtained. As 
the percentage of ZrO2 increases, the sum of the total percentage of 
cordierite phases (α-cordierite + β-cordierite) decreases, since ZrO2 
forms zirconium silicate as a secondary phase in addition to the sec
ondary phases that form in the case of samples holding NiO. The for
mation of zirconium silicate causes the decrease in the formation of 
cordierite, due to its affinity for SiO2. 

Fig. 17 shows the morphologies obtained by SEM analysis in samples 

Fig. 13. Infrared spectra of samples after heat treatment at 1200 ◦C for samples parent glass, sintered parent glass, 1A, 1B y 1C.  

Fig. 14. a) TGA and b) DSC of Parent glass, samples 2A, 2B and 2C sintered at 1200 ◦C.  
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2A, 2B and 2C after heat treatment, in Fig. 17a which corresponds to 
sample 2A with a content of 1%Wt of ZrO2, hexagonal flakes charac
teristic of the beginning of crystallization of the glass-ceramic α-cordi
erite are observed, the morphology of the β-cordierite and some glassy 
phase particles are also identified, in this case no characteristic hexag
onal morphologies of the cordierite are observed. Fig. 17b shows the 
morphology of β-cordierite and some glassy phase particles; Fig. 17c 
shows the glassy phase and some hexagonal particles corresponding to 
α-cordierite in addition to the morphology of β-cordierite. 

Figs. 18–20 show the results of the Elemental X-ray mapping for 
samples 2A, 2B, and 2C, respectively, where the presence of oxygen, 
magnesium, aluminum, silicon, molybdenum and zirconium is 

observed; in the case of sample 2A (Fig. 18) a homogeneous distribution 
of oxygen, magnesium, aluminum, silicon and molybdenum is observed, 
which shows that there is homogeneity in the sample and the presence of 
the characteristic phases, silicon is concentrated in a small specific area 
corresponding to glassy-phase particles. In sample 2B (Fig. 19), a ho
mogeneous distribution of oxygen, magnesium, aluminum, molybde
num, and zirconium is observed, which indicates that there is 
homogeneity in the sample and the presence of the phases of interest, 
there is also the presence of the vitreous phase which is identified with 
the concentration of silicon. In sample 2C (Fig. 20) a homogeneous 
distribution of oxygen, magnesium, silicon, molybdenum, and zirco
nium is observed, which favors the formation of the phases of interest; in 
this case small concentrations of aluminum are observed, which may 
correspond to the formation of secondary phases such as mullite. 

Fig. 21 shows the FT-IR spectra for the parent glass sample, parent 
glass sintered at 1200 ◦C, sample 2A, 2B and 2C. In this case, all the 
bands found in the samples holding NiO appear (Fig. 13). Additionally, 
it is possible to identify the bands at 525 cm− 1 and 642 cm− 1 that 
correspond to the vibrations of the Zr–O bond [43,47]. 

2.1.4. Parent glass + TiO2 
Fig. 22a shows the TGA performed on the parent glass samples, 3A, 

3B and 3C, where it is observed that the parent glass sample shows a 
weight loss of 13 %, the weight losses for samples 3A, 3B and 3C show a 
weight loss of 14.89 %, 14.57 % and 14.53 %, compared to the other two 
nucleants used (NiO and ZrO2); in this case it is observed that the 
Samples have a greater weight loss and a very similar behavior between 
them, which can be attributed to the fact that TiO2 in a glass-breaking 
oxide gets into its network and tends to form secondary phases. The 
DSC for the parent glass sample, 3A, 3B and 3C, can be seen in Fig. 22b, 
where the endothermic peak that occurs at 200 ◦C corresponds to the 
evaporation of residual water retained by the sample; in a range from 
777 to 804 ◦C the glass transition temperature is presented for the four 
samples where it is observed that samples 3A, 3B and 3C follow a very 
similar trajectory; in the range from 977 to 985 ◦C there is an exothermic 
peak that corresponds mainly to the crystallization of α cordierite, 
following the DSC curve a small exothermic peak is observed at 1120 ◦C 

Fig. 15. X-ray diffraction of sample of parent glass, Sintered parent glass at 1200 ◦C, 2A, 2B y 2C.  

Fig. 16. X-Ray Diffraction Rietveld analysis at 1200 ◦C for samples parent 
glass, sintered parent glass, 2A, 2B y 2C. 
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Fig. 17. Samples sintered at 1200 ◦C for 2 h, SEM secondary electrons, a) 2A, b) 2B and c) 2C.  

Fig. 18. Sample 2A sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, 
f) Silicon, g) Molybdenum and h) zirconium. 
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Fig. 19. Sample 2B sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, f) 
Silicon, g) Molybdenum and h) zirconium. 

Fig. 20. Sample 2C sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, f) 
Silicon, g) Molybdenum and h) zirconium. 
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that corresponds to the crystallization of α cordierite and secondary 
phases such as SiO2, silicates and aluminosilicates. Finally, an endo
thermic peak is observed in a range of 1150 ◦C that corresponds to the 
beginning of the glass melting, in this case the reactions of the samples 
that contain TiO2, have temperatures very close to those of the reactions 
of the parent glass sample, for which can be said that TiO2 does not 
promote cordierite crystallization to the same extent as NiO and ZrO2. 

Fig. 23 shows the diffractograms of the parent glass sample, parent 
glass sintered at 1200 ◦C, 3A, 3B and 3C, when using TiO2 as nucleant, 
the crystalline phases identified are the following, α-cordierite, 
β-cordierite, mullite, magnesium molybdate, titanium-aluminum, 
quartz and cristobalite, when using TiO2 as nucleating agent, the 
peaks of the phases obtained in samples 3A, 3B and 3C maintain the 
same intensity as those of the parent glass (see Fig. 18). With this it can 
be determined that TiO2 does not help to increase the crystallization of 
the phases of interest, because TiO2 behaves as a network breaker in the 
glass, which helps the formation of secondary phases such as mullite and 

titanium-aluminum oxide. 
Fig. 24 shows the results of the phase quantification by the Rietveld 

method with the support of the High Score plus® software. In this case, a 
slight decrease in the sum of the percentage of cordierite phases is seen 
in comparison with the samples holding NiO and ZrO2 (Figs. 8 and 16). 
As in the case of the samples that hold NiO and ZrO2, the α-cordierite is 
the phase with the highest percentage in all the samples, followed by the 
β-cordierite; when adding values in the percentage range of 90.4 % to 
84.4 %, they are obtained. As the percentage of TiO2 increases, the sum 
of the total percentage of cordierite phases (α-cordierite + β-cordierite) 
decreases, since TiO2 forms Mullite and Titanium Aluminum as a sec
ondary phase in addition to the secondary phases that form in the case of 
samples holding NiO (Fig. 8). The formation of mullite and Titanium 
Aluminum causes the decrease in the formation of cordierite. 

Fig. 25 shows the morphologies obtained by SEM analysis in samples 
3A, 3B and 3C after heat treatment, Fig. 25a corresponds to sample 3A 
with a content of 1 % Wt. of TiO2. In most cases, hexagonal flakes are 

Fig. 21. Infrared spectra of samples after heat treatment at 1200 ◦C for samples parent glass, sintered parent glass, 2A, 2B y 2C.  

Fig. 22. a) TGA and b) DSC of Parent glass, samples 3A, 3B and 3C sintered at 1200 ◦C.  
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observed, characteristic of the beginning of crystallization of the glass- 
ceramic α-cordierite; in Fig. 25b the morphology of the β-cordierite 
and some glassy phase particles are observed, in Fig. 25c the glassy 
phase and the morphology of β-cordierite are observed. 

Figs. 26–28 show the results of the Elemental X-ray mapping for 
samples 3A, 3B and 3C respectively, where the presence of oxygen, 
magnesium, aluminum, silicon, molybdenum and titanium is observed; 
in the case of sample 3A (Fig. 26), a homogeneous distribution of oxy
gen, magnesium, aluminum, molybdenum and titanium is observed, 
which shows that there is homogeneity in the sample and the presence of 
the characteristic phases, the silicon is concentrated in a specific area 
which corresponds to glassy-phase particles. In sample 3B (Fig. 27), in 

the same way as in sample 3A, a homogeneous distribution of oxygen, 
magnesium, aluminum, molybdenum and titanium is observed, with a 
small concentration of silicon in a specific area that corresponds to the 
vitreous phase. In sample 3C (Fig. 28) a homogeneous distribution of 
oxygen, silicon, aluminum, molybdenum, and titanium is observed, 
which favors the formation of the phases of interest, in this case small 
concentrations of magnesium are observed, which may correspond to 
the formation of secondary phases such as mullite. 

Fig. 29 shows the FT-IR spectra for the parent glass sample, parent 
glass sintered at 1200 ◦C, sample 3A, 3B and 3C. In this case, all the 
bands found in the samples holding NiO appear (Fig. 13). Additionally, 
it is possible to identify the bands at 690 cm− 1 that correspond to the 
vibrations of the Ti–O bond [48–50]. There are also characteristic bands 
of mullite, at 823 cm− 1 which is attributed to the stretching vibration of 
the Al–O bond and the band at 748 cm− 1 which is attributed to the 
bending vibration of the Al–O–Al bond, although are at the Mo–O 
bonding positions, it can be seen that these two bands are more intense 
than in the FT-IR spectra of the samples containing NiO and ZrO2, 
therefore the increase in intensity can be attributed to the characteristics 
of the bands of the mullite [32]. 

3. Final discussion 

After reviewing the results obtained in this research project, it was 
seen through the phase quantification carried out by the Rietveld 
method with the support of the High Score Plus® software, that NiO 
works better as a nucleant, favoring the crystallization of the cordierite 
phases. As can be seen in the phase quantification results in Table 3, the 
highest percentage of cordierite phase is obtained in the samples that 
have NiO, which are in a range of 92.7%wt. and 95.7 % by weight. Also, 
as mentioned above, NiO does not form secondary phases with Parent 
Glass components, which can be supported by the X-ray diffraction 
phase identification results. However, the FT-IR results show the bands 
characteristics of the Ni–O bond, as well as in the mappings obtained by 
EDS (Figs. 10–12), the presence of Ni on the surface of the samples is 
identified, thus corroborating the presence of NiO in the structure, and 
based on the electronic properties (Table 1) of each of the elements that 

Fig. 23. X-ray diffraction of sample of parent glass, Sintered parent glass at 1200 ◦C, 3A, 3B y 3C.  

Fig. 24. X-Ray Diffraction Rietveld analysis at 1200 ◦C for samples parent 
glass, sintered parent glass, 3A, 3B y 3C. 
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Fig. 25. Samples sintered at 1200 ◦C for 2 h, SEM secondary electrons, a) 3A, b) 3B and c) 3C.  

Fig. 26. Sample 3A sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, 
f) Silicon, g) Molybdenum and h) titanium. 
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Fig. 27. Sample 3B sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, f) 
Silicon, g) Molybdenum and h) titanium. 

Fig. 28. Sample 3C sintered at 1200 ◦C for 2 h, a) backscattered electrons, b) Mapping of the constituent elements, c) Oxygen content, d) Magnesium, e) aluminum, f) 
Silicon, g) Molybdenum and h) titanium. 
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are present in the samples, it is probable that Ni occupies the place of Al 
in the cordierite structure. In the case of ZrO2 and TiO2, by forming more 
secondary phases as determined by the identification and quantification 
of phases by X-ray diffraction, their efficiency in obtaining the phases of 
interest decreases, such as cordierite phases as observed in Table 3. 

4. Conclusions 

The uses of molybdenum as part of the MAS system help promote the 
formation of phases of interest, such as α and β cordierite, by reducing 
the crystallization temperature by at least 250 ◦C. However, NiO and 
ZrO2 further promote cordierite formation by playing the role of 
nucleant in the crystallization of the α-cordierite and β-cordierite phases, 
even though ZrO2 shows remarkably similar behavior to NiO when 
mixed. With cordierite original glass, ZrO2 promotes the formation of 
secondary phases, which was shown by the identification and quantifi
cation of phases in the XRD results. On the other hand, when TiO2 is used 

as a nucleant in the mixture, secondary phases such as mullite and 
aluminum-titanium oxide are formed. The XRD results show that the 
intensities of the reflections remain at the same intensity as those of the 
parent glass, which indicates that it does not promote the formation of 
the phases of interest, in addition to this, the quantification of phases 
reveals the decrease of the percentage of cordierite phases, so we finally 
conclude that NiO has the best effect on the mother glass, promoting the 
formation of α-cordierite and β-Cordierite. In addition, it does not form 
additional secondary phases, which guarantees obtaining a higher per
centage of the phases of interest. Finally, with the results of the FT-IR 
and EDS mapping, the presence of Ni in the sample is demonstrated, 
as well as in the phases obtained, and since it has a percentage greater 
than 90 % of cordierite phases, it is likely that it is part of the structure. 

Data availability 

The data used to support the findings of this study are available from 

Fig. 29. Infrared spectra of samples after heat treatment at 1200 ◦C for samples parent glass, sintered parent glass, 3A, 3B y 3C.  

Table 3 
Phase quantification results. 
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