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The purpose of the present work is to highlight the role of CaO and B2O3 additives on the 
crystallization behavior and microstructural properties of stoichiometric cordierite glass-
ceramics using differential thermal analysis (DTA), X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), Vickers micro-hardness and scanning electron microscopy 
(SEM). The results show that the presence of B2O3 and CaO in the initial glass led to the 
precipitation of only one exothermic peak (α-cordierite: Mg2Al4Si5O18). During the heat 
treatment process, the presence of calcium oxide favors crystallization of anorthite 
(CaAl2Si2O8) besides α-cordierite phase. It is worth mentioning that, CaO and B2O3 additives 
strongly encourage the formation of α-cordierite and have the opposite effect on the 
crystallization of µ-cordierite. In order to determine the effect of crystallization and B2O3 and 
CaO additives on the hardness of specimens, the micro-hardness measurement of glasses and 
glass-ceramics shows that the glass-ceramic containing CaO (MAS5C) exhibits the highest 
micro-hardness value, which depends on the high crystallinity value in this specimen.  
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Cordierite glass-ceramics in the MAS system (MgO–Al2O3–SiO2) have 
some valuable properties, including thermo-mechanical, chemical, and 
dielectric properties, which have received much attention during the 
past decades. These materials have a wide range of applications from 
cookware, glazes for floor tiles, kiln furniture, and heat exchangers to 
substrates in the microelectronic application and radomes [1–3]. 
Moreover, cordierite-based glass-ceramics are attractive materials due 
to their desirable mechanical properties (modulus (150 GPa) and 
strength (250 MPa)), low coefficient of thermal expansion, high 
thermal and chemical stability, and low dielectric constant (5.0 at          
1 MHz). These features made these materials to be used as a substrate 
in low firing temperature substrates. These materials are also 
conventionally utilized in the electronic industry [4–8]. The synthesis 
of cordierite glass-ceramics is carried  out  by several methods (sol–gel, 

 
solid-state reaction, and crystallization from glass) [9–11]. There are 
three polymorphic forms of magnesium cordierite (Mg2Al4Si5O18): 
metastable phase (solid solution with a β-quartz structure) called         
µ-cordierite, β-cordierite phase (low-temperature orthorhombic), and 
indialite or α-cordierite (high-temperature hexagonal) [6, 12, 13].  
Comprehensive research on the crystallization behavior, kinetics, 
thermal and mechanical properties of cordierite glass-ceramics has 
been conducted and is still ongoing [3, 4, 8, 12–14]. Glass-ceramics are 
prepared by heat treatment of the suitable composition of glasses. 
Cordierite glass-ceramics with the major crystalline phase of the α-
cordierite can be obtained by heating the glasses in the temperature 
range of 900 to 1200 °C. The effects of various additives, chemical 
composition, and heat treatment process on crystallization mechanisms, 
structural, mechanical and thermal properties of these glass-ceramics 
have been studied in some literature [2, 3, 7, 14–20]. The effects of 
nucleating and fluxing agents (e.g., TiO2, CeO2, V2O5, CrO3, NiO, 
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B2O3, and alkaline oxides) on the crystallization mechanisms of 
cordierite glasses have been examined in some studies [6–14, 20, 21]. 
In fact, in the glass specimens, small amounts of additives in the 
composition of glass specimens can significantly influence the 
viscosity and crystallization behavior of the glass-ceramics [14].  
Yu et al. [22] have investigated the synthesis of cordierite phase from 
perlite (as raw material) for low temperature co-fired application. In 
this case, α-cordierite glass-ceramics were fabricated by low-
temperature heat treatment (900–950 °C), which resulted in dielectric 
constants and thermal expansion coefficients 5.6–6.1 and 2.56–
2.91×10-6 K-1, respectively. Maeda et al. [23] have examined the effect 
of molybdenum on the MAS system and showed that in the application 
of high thermal endurance, MoO3 can be the superior nucleating agent 
in this system. Kang et al. [24] have reported the effect of Na2O, Li2O, 
and K2O on the acid corrosion resistance of cordierite glass-ceramics. 
Adding 1.5 mol% Na2O as well as 1.5 mol% Li2O to the primary glass 
specimen heat treated at 880 °C has exhibited the optimal acid 
resistance. The minimum weight loss of this glass-ceramic specimen 
has been about 0.096%. Yu et al. [25] have reported that the 
crystallization mechanism of the glass specimen containing 
TiO2+ZrO2+P2O5 demonstrates a tendency to bulk crystallization. In 
this case, TiO2+ZrO2+P2O5 act as the nucleating agent in this system. 
Considering the obtained results, the thermal expansion coefficient and 
micro-hardness have been reported as 1.4×10- 6 °C-1 (at 20–300 °C) and 
7.4 GPa, respectively. Lao and Xu [26] have studied the effect of talc, 
Al2O3 content, and MgO/SiO2 ratio on the crystallization behavior of 
non-stoichiometric cordierite specimens. It has been found that in the 
presence of 15 wt% talc as well as increasing the M/S ratio, the 
crystallization peak temperature of the specimen decreased from     
1085 °C to 1052.2 °C. The specimen containing the lowest amount of 
Al2O3 along with 15 wt% talc has shown the lowest porosity (0.3%) 
among the studied specimens. 
To our knowledge, there is no sufficient study on the effect of CaO and 
B2O3 additives on cordierite glass and glass-ceramic formed by melting 
method (using analytical grade reagents of SiO2, Al2O3, and MgO). In 
this work, cordierite glass-ceramics were prepared using homogenous 
glasses by crystal growth method. This study aims to highlight the role 
of CaO and B2O3 additives on the glass properties and the 
crystallization behavior of stoichiometric cordierite composition. In 
this regard, the production of glass-ceramic with the highest amount of 
crystallinity, taking into account the precipitation of the α-cordierite 
phase to obtain improved properties including micro-hardness and 
microstructural characteristics has been considered. 

 Experimental procedures 2.

Stoichiometric cordierite composition including 51.8 SiO2, 34.8 Al2O3, 
and 13.4 MgO (wt%) was utilized as the base composition. The raw 
materials were analytical grade reagents of MgCO3, Al2O3, SiO2, 
CaCO3, and B2O3. The stoichiometric cordierite composition was used 
as a base and named MAS. The specimens MAS1B and MAS5C were 
prepared by adding 1 and 5 wt% ratios of B2O3 and CaO to the 
stoichiometric composition, respectively. The MAS1B5C composition 
was made by adding both B2O3 and CaO additives to the base specimen 
(MAS). Table 1 shows the chemical compositions of studied glasses in 
the presence of CaO and B2O3 additives. The obtained powder  
mixtures were melted in zircon crucibles at 1600 °C for 2 h using       
an  electric  furnace.   Afterward,  the  molten  specimens  were  poured  

Table 1. Chemical composition of glass specimens (wt% ratios). 

into the stainless-steel molds and annealed in a muffle furnace at      
600 °C for 1 h. 
To investigate the crystallization behavior of resulting glass powders, a 
differential thermal analyzer (DTA) (Shimadzu DTG 60 AH) was used 
at the heating rate of 10 °C min-1. The curves of DTA were recorded at 
20–1200 °C using 50 mg of each glass powder. The reference material 
for each DTA run was α-Al2O3 powder. The X-ray diffractometer 
(Siemens-D500, 30 mA, 40 kV, and Cu Kα radiation) was used to prove 
the amorphous inherence of the as-prepared glasses as well as identify 
the crystalline phases precipitated during the heat treatment process. 
High Score Plus software was used to analyze the spectra in the range 
of 10–70 ° 2θ. The structural features of glass specimens were analyzed 
by Fourier transform infrared spectrophotometer (FT-IR, Tensor        
27 Bruker Company) at room temperature and using the KBr-pellet 
technique. Five scans were taken for each spectrum in the range of 
400–1400 cm-1. A scanning electron microscope (Mira3 Feg-SEM 
Tescan) was used to evaluate the microstructural characteristics of 
cordierite glass-ceramics. The glass-ceramic specimens were polished 
and etched with 5 vol% HF solution for 90 s (20 °C), then washed with 
distilled water and dried. Finally, the specimens were coated using a 
thin layer of gold. The Vickers micro-hardness (Zwick/Roell ZHV10 

Specimen/oxide SiO2 Al2O3 MgO B2O3 CaO 

MAS 51.8 34.8 13.4 - - 

MAS1B 51.8 34.8 13.4 1 - 

MAS5C 51.8 34.8 13.4 - 5 

MAS1B5C 51.8 34.8 13.4 1 5 

Fig. 1. DTA curves of glass specimens in the presence of CaO and 
B2O3 additives at the heating rate of 10 °C min-1. 
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micro-hardness) was carried out using the indentation method. Polished 
glass and glass-ceramic specimens were used for indentation. The 
mean value of the results was reported for each specimen. The applied 
load during the hardness measurement (diamond indenter) was 200 g 
for 15 s.  

 Results and discussion 3.

3.1. Crystallization behavior and crystalline phase evolution  

In order to investigate the thermal behaviors of the glass powders, DTA 
curves were utilized. Considering Fig. 1, these curves include the 
crystallization peak (TP) and the glass transition (Tg) temperatures. The 
MAS specimen exhibited two exothermic peaks at 1019 and 1098 °C 
that can be attributed to the crystallization of µ- and α-cordierite, 

respectively. In fact, µ-cordierite precipitated at a lower temperature, 
and by a gradual increase in temperature, the crystalline phase 
transformed from µ-cordierite to α-cordierite. However, in specimens 
containing CaO and B2O3, only one exothermic peak appeared between 
1040–1065 °C that can be attributed to the α-cordierite. According to 
the DTA curves, in the presence of CaO and B2O3 additives, the initial 
glass composition deviated from the stoichiometric state. As a result, 
the tendency to crystallization of the μ-cordierite decreased, and         
α-cordierite crystallized as a single phase at lower crystallization peak 
temperatures.  
According to Fig. 1, the crystallization peak temperature of the 
MAS5C specimen is sharper than other specimens, and it is obvious 
that this temperature has decreased by about 54 °C compared to the 
base specimen. As we know, Ca2+ ion is a modifier cation in the glass 
(a large cation with a small charge). This ion can disrupt the silicate 

Fig. 2. XRD patterns of a) MAS, b) MAS1B, c) MAS5C, and d) MAS1B5C glasses heat treated at different temperatures. 
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network and also weaken the structure of the glass network by 
increasing the number of non-bridging oxygen ions (NBO) [9, 27, 28]. 
As shown in Fig. 1, the glass transition and crystallization peak 
temperatures of the MAS5C specimen have decreased. As it is evident 
from Fig. 1, the MAS1B glass specimen has slightly higher 
crystallization peak and glass transition temperatures compared to the 
MAS5C glass specimen, representing the higher viscosity of the 
mentioned glass. In this case, the tendency to crystallize has decreased 
due to the role of the B2O3 additive as a network former in the structure 
[29–31]. It has also been reported that this behavior is attributed to the 
glass-forming ability of B2O3. In this way, the glass network 
connectivity of the specimen can be improved by reducing the non-
bridging oxygens in the glass structure [14, 27]. The presence of µ- and 
α-cordierite phases and small amounts of the anorthite phase (in CaO 
containing glasses) can be shown by X-ray analysis (Fig. 2).  
Fig. 2 illustrates the XRD patterns of all crystallized specimens at 
different temperatures (e.g., the crystallization peak temperature) 
obtained by DTA curves. Fig. 2a shows the XRD patterns of the MAS 
glass. According to HighScore Plus software, the diffraction peak at   
2θ=25.712 ° depends on the µ-cordierite phase (00-027-0716). As 
shown in Fig. 2a, by the gradual increase of temperature from Tp1 (µ-) 
to Tp2, the µ-cordierite phase has disappeared from the                  
pattern and α-cordierite phase (00-002-0646) precipitated (2θ=25.712 °     
(µ-cordierite) to 2θ=26.408 ° (α-cordierite)).  
From the XRD data (Fig. 2), it is found that the precipitation of           
µ-cordierite is not detected in the glass-ceramics containing CaO and 
B2O3 additives. In these specimens, only α -cordierite was exhibited as 
the main crystalline phase. As seen in Figs. 2c & 2d, the peak of the 
anorthite phase (00-041-1486) can also be detected as a secondary 
crystalline phase in CaO containing glasses. In general, in the       
MgO–Al2O3–SiO2 glass system, µ-cordierite is crystallized at a lower 
temperature during the heat treatment process, and with increasing 
temperature, this phase is transformed into α-cordierite at about      
1050 °C. The mechanical properties of α-cordierite are better than      
µ-cordierite [2, 8, 12–14, 19].  
 

Table 2. Crystallization values of specimens at different heat treatment 
temperatures. 

Specimen Heat treatment temperature (°C) Vt 

 

MAS 

1019 22±4 

1073 49±2 

1098 57±8 

1123 59±3 

MAS1B 

 

1039 27±1 

1061 35±3 

1083 42±5 

MAS5C 

 

1019 46±2 

1044 67±6 

1069 75±3 

MAS1B5C 

1026 32±4 

1058 65±6 

1090 57±9 

Considering the positive effect of α-cordierite, the glasses containing 
CaO and B2O3 additives, which showed only the α-cordierite phase as 
the main crystalline phase at low temperatures, are more suitable 
specimens than the stoichiometry specimen. According to previous 
reports, CaO can intensify the precipitation of α-cordierite and 
simultaneously suppresses the precipitation of µ-cordierite in the  
MgO–Al2O3–SiO2 system [9, 14, 21]. Also, Ca2+ and B3+ ions have the 
most significant effect in decreasing the melting temperature of MAS 
specimens [9, 27]. In fact, the effect of Ca2+ ions on the structure of the 
glass network is due to the weak bonding of Ca–O compared to Mg–O 
(the field strength of Ca2+ cations is lower than Mg2+ cations), which 
leads to an increase in the mobility of the elements in the glass network 
[20]. 
Ohlberg and Strickler method (Eq. 1) was utilized for the quantitative 
measurement of crystallinity in all specimens [32].  

g x
t

g b

100(I I )
V

I I
−

=
−

       (1) 

Where Vt, Ig, Ix, and Ib refer to the volume fraction of crystallization, 
the X-ray scattering intensity of primary glass, crystallized glass, and 
the mechanical mixture of oxide powders, respectively. A modified 
version of the above method suggests using some 2θ values instead of a 
single 2θ value. At three 2θ values of 52, 32, and 17 ° for each glass-
ceramic specimen, the average crystallinity content is summarized in 
Table 2. In MAS, MAS1B, and MAS5C glasses, the higher the 
temperature, the higher the crystallization. However, in MAS1B5C 
glass, the crystallinity value of the sample decreased with increasing 
temperature. This may be attributed to the simultaneous presence of 

Fig. 3. FTIR spectroscopy of the initial glasses in the presence 
of CaO and B2O3. 
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both additives in the glass network (CaO and B2O3 additives). The 
presence of a secondary phase (anorthite) and the network former 
ability of B2O3 have reduced the crystallinity of the MAS1B5C 
specimen. In fact, cordierite and anorthite have similar elements in 
their composition. For this reason, the crystallization of anorthite can 
reduce some of the essential elements that are necessary for the 
precipitation of cordierite. In these conditions, with the gradual 
increase in temperature, the total crystallinity of the MAS1B5C 
specimen has decreased.  
It is obvious that the MAS5C-1069 glass-ceramic specimen exhibited 
the highest crystallinity among all specimens. As we know, CaO as a 
network modifier enhances the number of non-bridging oxygen (NBO) 
in the glass structure, which leads to lower viscosity, as well as lower 
glass transition and crystallization peak temperatures. These changes 
have improved the crystallinity in this specimen [9, 27, 28]. MAS1B-
1061 specimen showed the lowest crystallinity among heat treated 
specimens at the second crystallization peak temperature. Considering 
the role of B2O3 as a network former in the glass, the specimen 
containing B2O3 had lower crystallinity among all specimens [14, 27]. 
To determine the role of Ca2+ and B3+ ions in the glass structure, 

Fourier Transform Infrared Spectroscopy was utilized. This analysis is 
used to evaluate vibrations caused by stretching and bending 
movements of atoms in a molecule. In fact, the bonds that make up the 
molecules are examined. FTIR spectra of the glass specimens are given 
in Fig. 3. In most cases, light irradiation from 1400 to 400 cm-1 (the 
mid-infrared) is utilized for inorganic compounds [33]. Considering 
Fig. 3, three main bonds (1200–1050, 800–650, 500–400 cm-1) can be 
recognized in the spectra of the glass specimens related to silicon bonds 
[34–37].   Asymmetric   stretching   vibrations,   symmetric    stretching  
 

Table 3. Vickers micro-hardness for glass and glass-ceramic 
specimens. 

Specimen Heat treatment 
temperature (°C) 

Vickers micro-
hardness (GPa) 

MAS 

- 7.56 (± 0.75) 

1019 9.35 (± 0.77) 

1073 10.25 (± 0.63) 

1098 10.70 (± 0.84) 

1123 11.20 (± 0.89) 

MAS1B 

- 7.45 (± 0.67) 

1039 - 

1061 10.23 (± 0.90) 

1083 10.37 (± 0.68) 

MAS5C 

- 7.40 (± 0.81) 

1019 10.42 (± 0.80) 

1044 11.23 (± 0.71) 

1069 11.84 (± 0.68) 

MAS1B5C 

- 7.52 (± 0.73) 

1026 10.29 (± 0.93) 

1058 11.10(± 0.69) 

1090 10.77 (± 0.66) 

Fig. 4. SEM micrographs of the heat-treated MAS glass at             
a) 40,000 and b) 70,000 magnifications. 

a) 

b) 

Fig. 5. SEM micrograph of the heat-treated MAS1B glass at 70,000 
magnification. 
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vibrations, and bending vibrations of the Si–O–Si bond of SiO4 
tetrahedral can be observed at about 1080 cm-1 (besides a mild shoulder 
at 1200 cm-1), 669 cm-1 (besides 781 cm-1), and 459 cm-1, respectively.  
As we know, in the presence of Al2O3, Al3+ ions can replace Si4+ ions in 
the SiO4 tetrahedral and form AlO4 tetrahedral. In these cases, an 
absorption bond corresponding to the asymmetric stretching vibration 
of Si–O–Al is figured out at about 931 cm-1 besides a shoulder at      
994 cm-1 [38, 39]. In CaO containing glasses, there is another peak at 
about 994 cm-1 corresponding to the Si–O–Ca bond, which overlaps 
with the Si–O–Al vibrational mode [40]. For this reason, in MAS5C 
and MAS1B5C glasses, the Si–O–Ca bond, along with the Si–O–Al 
asymmetric stretching vibration bond, has caused a sharper peak at   
994 cm-1. In the glass containing B2O3, there is a weak peak at          
604 cm-1 related to the B–O–Si bending vibration mode [41].  

3.2. Vickers micro-hardness  

The Vickers micro-hardness results of the glass and glass-ceramic 
specimens are given in Table 3. According to Table 3, the hardness 
values of the glass-ceramic specimens are much higher than those of 
glass specimens, ranging from 7.40 to 11.84 (GPa) for glass and glass-
ceramic, respectively. It is known that glass-ceramic specimens 

demonstrate a higher hardness compared to glassy systems because the 
crystalline phases are usually harder than glassy phases. Among the 
studied specimens, MAS5C glass-ceramic heat treated at 1069 °C 
showed the highest hardness value corresponding to higher crystallinity 
in this specimen.  
According to Table 2, the MAS1B glass-ceramic heat treated at      
1039 °C had the lowest crystallinity among other MAS1B specimens. 
Considering the role of B2O3 as a network former in the MAS system, 
the crystallization mechanism of B2O3 containing glass-ceramics was 
surface crystallization. As a result, glass-ceramic-1039 had a low level 
of surface crystallinity which was removed by polishing, leaving a 
glassy phase below the polished region (center of the specimen). For 
this reason, this specimen failed and could not be used for the hardness 
test. However, glass-ceramics containing B2O3 had the lowest hardness 
among all glass-ceramics.  

3.3. Microstructural investigation  

SEM micrographs of glass-ceramic specimens after heat treatment at 
the crystallization peak temperatures have been shown in Figs. 4–7. 
SEM micrographs of the specimens show complete crystallization on 
the surface. It can also be illustrated that the obtained crystals            

Fig. 6. SEM micrographs of the heat-treated MAS5C glass at                
a) 40,000 and b) 70,000 magnifications. 

a) 

b) 

Fig. 7. SEM micrographs of the heat-treated MAS1B5C glass at      
a) 40,000 and b) 70,000 magnifications. 

a) 

b) 
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(α-cordierite) are uniformly dispersed in the glass matrix in terms of 
size and shape. According to the DTA curves shown in Fig. 1, it can be 
seen that the crystallization peak temperature of the MAS5C specimen 
is much sharper than other specimens. This is evidence of a higher 
crystallization rate in this specimen. In the MAS5C glass, it seems that 
the low viscosity of the glass has assisted the crystallization process. 
The average crystal size was 40 nm and the maximum crystal size was 
about 90 nm, which are homogeneously distributed among the glass 
matrix. 

 Conclusions 4.

In this study, the crystallization behavior of cordierite glass-ceramics in 
the MgO–Al2O3–SiO2 system containing CaO and B2O3 additives was 
studied. According to the DTA curves, the MAS specimen exhibited 
two exothermic peaks, which can be attributed to the crystallization of 
µ- and α-cordierite, respectively. However, in other specimens, only 
one exothermic peak (for the formation of α-cordierite) appeared. For 
both heat-treated glasses containing CaO, the anorthite phase was 
precipitated as a secondary crystalline phase. With the gradual increase 
in temperature, the intensity of anorthite peaks in XRD patterns has 
also increased. Considering the DTA curves, the crystallization peak 
temperature of the MAS5C specimen was lower than the other 
specimen. In fact, the MAS5C glass-ceramic had a lower viscosity due 
to the role of CaO as a network modifier in the glass structure. Among 
the studied specimens, the MAS5C specimen exhibited the highest 
micro-hardness value, which depends on the high crystallinity value in 
this specimen. In contrast, B2O3 containing glass-ceramic had a lower 
micro-hardness value due to lower crystallinity value in this specimen, 
which is related to the role of B2O3 as a network former in the structure.  
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