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This study investigates the influence of zinc oxide (ZnO) particle size on the properties of 
SiO2–Al2O3–B2O3–ZnO–CaO–K2O transparent glass–ceramic glazes. Two ZnO sources were 
employed, including synthesized nano-sized ZnO (~500 nm) and commercial micro-sized ZnO 
(>1 μm). The results indicate that nano-sized ZnO enhances melting reactivity and modifies the 
crystallization behavior of the glaze systems compared with micro-sized ZnO. X-ray diffraction 
(XRD) and scanning electron microscopy (SEM) analyses revealed differences in phase 
evolution and crystal morphology depending on ZnO particle size. Nano-sized ZnO promoted 
finer and more homogeneous crystalline distributions, while micro-sized ZnO resulted in 
coarser crystalline structures. Furthermore, the optical and surface properties of the glazes were 
strongly influenced by the balance between densification and crystallization during firing. The 
results demonstrate that ZnO particle size plays a significant role in controlling the thermal 
behavior, phase evolution, microstructure, and surface quality of transparent borosilicate 
glazes. 
© 2026 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Transparent borosilicate glazes are widely used in ceramic                  
tile applications because of their favorable combination of          
chemical durability, thermal stability, surface gloss, and                
optical transparency. The performance of these glaze systems               
is strongly dependent on the relationship between glass composition, 
crystallization tendency, sintering behavior, and microstructural 
development during firing. In transparent glaze systems, the          
control of crystallization and residual porosity is particularly important 
because even limited phase separation, devitrification, or trapped 
porosity can significantly reduce transparency and surface quality        
[1, 2]. 
Among the different oxides used in glaze technology, ZnO plays a 
critical role in  controlling both  the thermal  and structural  behavior of  

 
silicate-based glass systems. ZnO acts as an intermediate oxide and, 
depending on concentration and glass composition, may behave either 
as a network modifier or as a partial network former [3, 4]. In ceramic 
glazes, ZnO is known to reduce melt viscosity, improve surface gloss, 
enhance chemical durability, and influence crystallization behavior. In 
ZnO-containing glass–ceramic glaze systems, crystalline phases such 
as willemite (Zn2SiO4) and gahnite (ZnAl2O4) may form during thermal 
treatment, leading to substantial changes in mechanical and optical 
properties [5, 6]. 
The crystallization behavior of ZnO-containing glazes is closely 
associated with the kinetics of nucleation and crystal growth during 
firing. Previous studies have shown that the morphology and 
distribution of Zn-containing crystalline phases strongly depend on the 
viscosity of the residual glass phase, thermal history, and chemical 
composition of the glaze system. Furthermore, the formation of 
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crystalline phases during firing can either improve or deteriorate glaze 
performance depending on the extent of crystallization and the 
resulting microstructure. Excessive crystallization or heterogeneous 
crystal growth may increase light scattering and reduce transparency, 
whereas controlled crystallization can improve hardness and surface 
stability [7–9]. 
In recent years, increasing attention has been directed toward the use  
of nano-sized particles in ceramic and glass–ceramic systems. 
Nanometric powders possess significantly larger specific surface area 
and higher surface energy compared with conventional micro-sized 
powders. As a result, particle size can substantially influence melting 
kinetics, diffusion behavior, viscous flow sintering, and crystallization 
mechanisms during thermal processing. In glaze systems, finer 
particles may accelerate densification and modify nucleation     
behavior because of increased contact area between particles and 
enhanced reactivity [10–13]. The influence of particle size on   
sintering and crystallization is particularly important in transparent 
glaze systems. Faster densification can reduce residual porosity and 
improve optical transmission; however, excessive surface 
crystallization may inhibit viscous flow and lead to incomplete 
sintering or increased opacity. Therefore, optimization of particle size 
is essential to balance densification, phase evolution, and optical 
performance [14–16]. 
ZnO particle size is also associated with changes in the thermal 
stability of glass systems. Variations in glass transition temperature, 
crystallization temperature, and glass-forming ability may occur 
because of differences in dissolution kinetics and structural interactions 
between ZnO and the silicate network. These structural modifications 
can subsequently influence the formation of wollastonite, willemite, 
calcium aluminosilicate, and other crystalline phases during firing [17–
19]. 
Although the role of ZnO in glaze chemistry has been extensively 
discussed, the specific effect of ZnO particle size on the thermal 
behavior, crystallization tendency, microstructural development, and 
optical properties of transparent borosilicate glazes remains 
insufficiently understood. In particular, comparative investigations 
between nano-sized and micro-sized ZnO sources in transparent glaze 
systems remain limited [20–22]. 
The present study investigates the influence of ZnO particle size          
on the sintering behavior, phase evolution, and optical properties         
of transparent borosilicate glazes prepared in the SiO2–Al2O3–           
B2O3–ZnO–K2O–CaO system. Two ZnO powders with different 
particle sizes, including nano-sized ZnO (~500 nm) and micro-sized 
commercial ZnO (>1 μm), were employed as raw materials. The   
effects of particle size on thermal behavior, glass stability, 
crystallization, microstructure, hardness, and optical characteristics 
were systematically evaluated using DTA, FTIR, XRD, SEM, and 
colorimetric analyses. 

 Experimental procedure 2.

2.1. Synthesis of nano-sized ZnO powder 

The nano-sized zinc oxide (ZnO) used in this study was synthesized 
through a recovery process from industrial waste, specifically zinc 
smelting filter cake. The synthesis procedure involved the following 
steps: (i) Leaching and purification: The initial precursor (zinc filter 
cake) underwent a hydrometallurgical treatment. It was subjected to 
acidic leaching using sulfuric acid to dissolve zinc ions, followed by a 
multi-stage purification process to eliminate metallic impurities such as 
iron (Fe) and cadmium (Cd). (ii) Precipitation: To obtain the zinc 
precursor, sodium carbonate was added to the purified zinc sulfate 
solution under controlled pH conditions. This resulted in the 
precipitation of zinc carbonate (ZnCO3) or basic zinc carbonate. (iii) 
Calcination: The obtained precipitate was filtered, washed repeatedly 
with deionized water to remove residual salts, and then dried. The final 
conversion to nano-sized ZnO was achieved through a controlled 
calcination process at 600 °C for 2 h in a muffle furnace. 

2.2. Frit preparation and glaze formulation 

The transparent glass-ceramic glazes were investigated within the 
SiO2–Al2O3–B2O3–ZnO–K2O–CaO borosilicate chemical system. The 
raw materials, including high-purity quartz, kaolin, boric acid, calcium 
carbonate, and potassium carbonate, were precisely weighed according 
to the predetermined formulations (Table 1). Hereafter, the ratio 
K2O/(CaO + ZnO) is referred to as the S ratio. To evaluate the impact 
of zinc oxide particle size, two comparative experimental series were 
designed: the F-series (utilizing commercial micro-sized ZnO) and the 
N-series (utilizing synthesized nano-sized ZnO). 
The starting batches were thoroughly homogenized via a dry ball 
milling process using alumina media to ensure a uniform distribution of 
the precursors. The mixtures were then transferred into high-purity 
alumina crucibles and melted in an electric furnace at temperatures 
ranging from 1450 °C to 1550 °C. To obtain the frit, the refined molten 
glass was rapidly quenched in distilled water, followed by drying and 
subsequent pulverization.  

2.3. Slip preparation 

To prepare a stable glazing slip, the obtained frits were wet-milled with 
0.5 wt% kaolin as a suspending agent and 0.1 wt% carboxymethyl 
cellulose (CMC) as a temporary binder. The density of the slurry was 
precisely adjusted and maintained at 1.75 g/cm3 to optimize the 
rheological properties for coating. The formulated slips were uniformly 
applied onto standard porcelain substrates using the industrial bell-
coating technique. To study the sintering behavior and phase evolution 
under  realistic  industrial  conditions,  the  green-coated  samples  were  

Table 1. Weight percentages of oxides used in the samples. 

Sample K2O SiO2 Al2O3 B2O3 CaO ZnO K2O/(CaO + ZnO) 

F1, N1 7.5 60.1 8.2 4.2 12.7 7.1 0.37 

F2, N2 6.5 60.1 8.2 4.2 15.2 5.8 0.31 

F3, N3 3.5 61.67 8.2 4.2 17.7 4.3 0.27 
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fired in an industrial-scale roller kiln at a peak temperature of 1060 °C 
with a rapid total firing cycle of 45 minutes. 

2.4. Characterization 

The structural units and chemical bonding configurations within the 
borosilicate glass network were monitored using Fourier transform 
infrared spectroscopy (FTIR) (Model: Nexus 670, Thermo Nicolet)      
in the specific wavenumber range of 400–1400 cm-1. The phase 
evolution, crystal growth, and identification of the precipitated 
crystalline phases (such as willemite) were determined via X-ray 
diffraction (XRD: PHILIPS PW1730). The microstructural 
morphology, crystal size, and elemental distribution of the fired glaze 
surfaces were examined using field emission scanning electron 
microscopy (FE-SEM: MIRA3 TESCAN) coupled with energy 
dispersive X-ray spectroscopy (EDS). 
To quantify the optical properties, the surface gloss was evaluated 
using a tri-angle gloss meter at a geometry of 60 °, while the chromatic 
coordinates (L*, a*, b*) were measured using a spectrophotometer 
according to the CIE Lab system. Finally, the surface mechanical 
performance was assessed by measuring the microhardness via the 
Vickers indentation method. 

 Results and discussion 3.

3.1. Thermal behavior and glass stability 

The thermal behavior of the prepared borosilicate glass systems was 
investigated using DTA analysis in order to evaluate the influence of 
ZnO particle size on glass transition, crystallization tendency, and 
thermal stability. The DTA curves of all investigated systems are 
presented in Fig. 1 and reveal distinct differences between glazes 
prepared using nano-sized ZnO and those prepared using micro-sized 
commercial ZnO. 
The thermal parameters extracted from the DTA curves are 
summarized in Table 2 and demonstrate that both composition and 
ZnO particle size strongly affect the thermal response of the glasses. 
The results show that decreasing the S ratio resulted in a gradual 

increase in the glass transition temperature (Tg) and crystallization 
temperature (Tp), indicating structural modifications within the 
borosilicate glass network. This behavior indicates progressive 
modification of the borosilicate network structure and increasing 
thermal stability against premature crystallization. 
In the micro-sized ZnO systems (F-series), the increase in Tp with 
decreasing S ratio suggests suppression of crystal nucleation during 
heating. However, the nano-sized ZnO systems exhibited a different 
tendency, particularly in the N3 composition where the thermal 
stability parameter decreased relative to the corresponding F3 sample. 
This result indicates that nano-sized ZnO promotes crystallization 
kinetics because of its higher surface area and greater reactivity during 
glass formation. 
The enhanced reactivity of nano-sized ZnO likely facilitates the 
formation of Zn-rich structural domains during melting. These domains 
can subsequently act as effective nucleation centers during heating, 
accelerating crystallization processes. The broader crystallization 
exotherms observed in the nano-sized ZnO systems may indicate 
overlapping crystallization events and wider distributions of crystal 
growth behavior. This observation is consistent with the phase 
evolution and microstructural differences observed in the XRD and 
SEM analyses. The differences between F-series and N-series samples 
confirm that ZnO particle size not only affects melting behavior, but 
fundamentally alters nucleation mechanisms and thermal evolution of 
the glass network. 

3.2. FTIR investigation 

Fourier transform infrared spectroscopy (FTIR) was conducted within 
the specific wavenumber range of 400–1400 cm-1 to explore the 
internal structural modifications and structural groups of the 
borosilicate glass framework. The results are shown in Fig. 2. The 
absorption bands observed between 400 and 1200 cm-1 correspond 
primarily to Si–O–Si bending and stretching vibrations together with 
Zn–O-related structural units. The broad band around 1000–1100 cm-1 
is associated with asymmetric stretching vibrations of silicate 
tetrahedra, while the lower-frequency region reflects bending modes 
and structural rearrangements within the borosilicate network.  

Fig. 1. DTA curves of F1–F3 and N1–N3 glass systems. 
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Table 2. Glass transition temperature (Tg), crystallization temperature 
(Tp), and glass stability parameters calculated from DTA curves. 

Sample Tg (ºC) Tp (ºC) Tp - Tg 

F1 618 928 310 

F2 704 930 226 

F3 772 945 173 

N1 594 889 295 

N2 690 916 226 

N3 725 860 135 

 
 
 
The results indicate that decreasing the S ratio increases the intensity of 
bands associated with ZnO4 structural units. This behavior suggests 
stronger participation of Zn ions in the glass network. In borosilicate 
glasses, Zn may act as either a modifier or intermediate oxide 
depending on local coordination and composition.  
The increased intensity of bands associated with Zn-containing 
structural units suggests stronger interaction between Zn ions and the 
borosilicate network in the nano-sized ZnO systems. The enhanced 
dissolution behavior of finer ZnO particles may promote structural 
depolymerization, which can influence melt viscosity, atomic mobility, 
and subsequent crystallization behavior during firing. The formation of 
Zn-containing structural units may also be associated with the 
crystallization behavior observed during heat treatment. Consequently, 
the FTIR results provide strong evidence linking ZnO particle size with 
phase evolution behavior observed in the XRD analyses. 

3.3. Sintering and densification behavior 

The sintering behavior of the transparent borosilicate glazes prepared 
with varying particle sizes of zinc oxide (ZnO) was monitored through 
industrial roller kiln firing profiles. Sintering in glass-ceramic glazes 
primarily proceeds via viscous flow sintering, where the decrease in 
viscosity allows surface tension forces to eliminate porosity and 
maximize densification. Surface defects observed in fired glazes under 
unsuitable thermal conditions are shown in Fig. 3. The experimental 
observations indicate that the incorporation of nano-sized ZnO 

significantly enhances the sintering kinetics compared to the 
commercial micro-sized ZnO powders (F-series). 
The nano-sized ZnO particles possessed a higher specific surface area, 
which promoted faster diffusion and structural rearrangement within 
the glaze matrix. As a result, viscous flow densification occurred at a 
noticeably accelerated rate compared to micro-sized ZnO systems. This 
enhanced kinetic behavior promoted earlier densification during the 
initial heating stage, particularly in the nano-ZnO (N-series) samples 
during firing up to 1060 °C. However, the same high reactivity of 
nano-ZnO also increased the tendency for crystallization during 
thermal treatment. In cases where crystallization initiated before 
complete viscous flow densification, rigid crystalline domains formed 
within the glaze structure, hindering further densification. This 
competition between viscous flow and crystallization resulted in 
residual porosity and surface heterogeneities observed in several 
samples, highlighting the sensitivity of the system to thermal 
processing conditions. Therefore, optimization of firing temperature 
and soaking time was found to be essential in achieving a balance 
between densification and crystallization. While excessively low 
temperatures led to incomplete melting and insufficient surface 
leveling, overly high temperatures promoted uncontrolled 
crystallization and loss of transparency. In contrast, micro-ZnO (F-
series) required higher thermal energy to reach a comparable degree of 
structural integration, and under rapid industrial firing cycles, 
occasionally retained minor surface defects due to incomplete healing. 
Overall, the results demonstrate that particle size plays a critical role in 
controlling the kinetic competition between viscous flow and 
crystallization in ZnO-containing glaze systems. The densification 
behavior of the nano-sized systems demonstrates that particle size 
affects not only melting kinetics but also the sequence of thermal 
events occurring during glaze formation.  

3.4. Phase evolution and crystallization kinetics 

The phase evolution and crystal growth within the fired transparent 
glazes were evaluated utilizing X-ray diffraction (XRD). The primary 
objective was to observe the structural transition from a fully 
amorphous glass matrix to a controlled glass-ceramic structure 
containing crystalline phases. Fig. 4 shows the formation of an 
amorphous phase during powder preparation, with no evidence of 
crystallization.  

Fig. 2. FTIR spectra of F1–F3 and N1–N3 glass systems. 
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The XRD results, shown in Fig. 5, reveal that multiple crystalline 
phases formed depending on both composition and ZnO particle size. 
The primary phases identified include wollastonite (CaSiO3), willemite 
(Zn2SiO4), calcium silicate, and calcium aluminosilicate compounds. 
The micro-sized ZnO systems generally exhibited weaker willemite 
crystallization compared with the nano-sized systems. This result 
suggests that nano-sized ZnO facilitates more effective interaction 
between Zn and silicate structural units during firing. In the N-series 
samples, willemite crystallization became particularly pronounced. The 
enhanced formation of willemite can be attributed to improved 
dissolution and dispersion of ZnO throughout the glass matrix. Nano-
sized particles increase contact area and reduce diffusion distances, 
thereby accelerating Zn–Si interactions during heat treatment. The 
formation of wollastonite phases was additionally observed in several 
compositions.  
Wollastonite formation is important because acicular wollastonite 
crystals may significantly influence both hardness and optical 
properties. Although wollastonite improves mechanical strength, 
excessive crystal growth can increase light scattering and reduce 
transparency. The coexistence of wollastonite and willemite indicates 
simultaneous participation of CaO and ZnO in crystallization reactions. 
The competition between these crystalline phases depends strongly on 
local composition and thermal history. The XRD patterns additionally 
demonstrate that the nano-sized systems exhibit higher overall 

crystallization intensity. This observation confirms that ZnO particle 
size acts as a major controlling factor for nucleation kinetics in 
transparent borosilicate glaze systems. 

3.5. Microstructural evaluation 

To visually correlate the sintering and crystallization kinetics with 
spatial morphology, FE-SEM coupled with EDS analysis was 
conducted on the cross-sections and surface configurations of the fired 
glazes. As shown in Fig. 6, the microstructural micrographs revealed a 
profound contrast in crystal size and spatial distribution between the F-
series and N-series samples. 
Needle-like willemite crystals can also be observed in the F2 and N2 
samples. The spherical morphologies observed in the F3 and N3 
samples may be associated with the formation of anorthite and 
parawollastonite-related phases, respectively. These differences may 
additionally be influenced by compositional variations associated with 
lower K2O contents and local structural changes during firing. 
FE-SEM images of the microstructure of samples in higher 
magnification are displayed in Fig. 7. The N-series samples 
demonstrated a comparatively more homogeneous microstructure 
characterized by finer crystalline features distributed within the 
residual glass matrix. The reduced crystal size and more uniform 
distribution may contribute to lower optical scattering compared with 
the coarse crystalline aggregates observed in the F-series samples. 

Fig. 3. Surface defects observed in fired glazes under unsuitable 
thermal conditions, including pore formation and incomplete surface 

leveling. Fig. 4. XRD patterns of frit showing formation of amorphous phase. 

Fig. 5. XRD patterns of glazes fired at 1060 °C showing crystallization evolution after glaze firing. 
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However, excessive crystallization in certain compositions could still 
negatively influence transparency and surface gloss.  
Fig. 8a & 8b present the EDS analyses obtained from the surface of the 
F3 sample corresponding to regions A and B marked in Fig. 7a. As 
observed, the results confirm the presence of the calcium 
aluminosilicate phase, identified as anorthite.  

3.6. Optical and aesthetic properties  

The optical characteristics of the prepared transparent borosilicate 
glazes were evaluated using gloss and CIE-Lab* colorimetric 
measurements. The gloss values together with the color parameters of 
the investigated glazes are summarized in Table 3.  

Fig. 6. Low-magnification FE-SEM micrographs of the samples. 

Fig. 7. High-magnification FE-SEM micrographs of the samples. 
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The optical behavior of the glazes was strongly dependent on the 
competition between viscous flow densification and crystallization 
during firing. In several nano-sized ZnO systems, improved 
densification and finer crystal distributions contributed to         
relatively homogeneous glaze surfaces. However, excessive 
crystallization in some compositions, particularly N3, increased       
light scattering and reduced surface gloss. These results indicate that 
the influence of nano-sized ZnO on transparency is composition-
dependent and closely associated with the extent and morphology of 
crystalline phase formation. As observed, the F1 and F2 glazes 
exhibited relatively high gloss values, indicating the formation of 
smooth and highly reflective surfaces after firing. In contrast, the F3 
and N3 samples showed significantly lower gloss values, which is 
consistent with the crystallization of calcium silicate phases within the 
glaze structure. The formation of crystalline phases such as 
wollastonite and anorthite reduced surface smoothness and increased 
light scattering, resulting in a whiter and more opaque appearance.    
The F3 and N3 samples exhibited lower gloss values compared        
with the F1 glaze. This behavior can be attributed to the development 
of crystalline phases including anorthite and wollastonite during   
firing. The crystallization process disrupted the continuity of the glassy 
matrix and increased surface roughness, thereby decreasing        
specular reflection from the glaze surface. Although the F2 glaze 
contained willemite as the dominant crystalline phase, the   
simultaneous formation of anorthite may also have contributed to the 
reduction in gloss compared with highly transparent systems. The 
coexistence of multiple crystalline phases increased optical 
heterogeneity within the glaze layer and influenced overall surface 
appearance.  
The positive a* value observed for the F1 glaze corresponds to a light 
reddish tone on the glaze surface. Since the glazes were directly 
applied onto the ceramic substrate without an engobe layer, the use of a 
suitable white engobe could further improve the whiteness and 
brightness of the fired surfaces. The colorimetric results indicate that 
the investigated glaze systems exhibited varying degrees of opacity and 
surface brightness depending on phase composition and crystallization 
behavior during firing.  

3.7. Microhardness 

The Vickers microhardness values of the investigated glazes are 
summarized in Table 4. The hardness behavior was strongly dependent 
on the type of crystalline phases formed during firing as well as the 
amount of residual glassy phase. 
As shown in Table 4, the F3 glaze exhibited the highest hardness value, 
which can be attributed to the formation of calcium aluminosilicate 
(anorthite) phases with relatively high intrinsic hardness [23]. The 
higher molar fraction of divalent cations in the residual glass phase 
may also contribute to the increased hardness of the F3 and N3 samples 
compared with the F2 and N2 systems. 
In contrast, the lower hardness values of the F1 and N1 glazes can be 
related to their higher amorphous phase content, as confirmed by the 
XRD patterns, together with the presence of wollastonite phases, which 
possess lower hardness values (~ 400 HV). Overall, the hardness 
behavior of the investigated glazes was influenced by both crystalline 
phase composition and the relative fraction of residual glassy phase. 
Variations in crystal morphology, phase assemblage, and densification 
behavior collectively contributed to the observed mechanical 
performance. 
 
 
 

Table 3. Gloss and CIE-Lab* colorimetric parameters of the 
investigated transparent borosilicate glazes. 

Sample c* b* a* L* Gloss 

F1 11.27 −5.95 9.56 51.57 86.1 

F2 1.77 0.47 1.70 74.41 83.2 

F3 2.33 −0.04 2.33 76.53 67.30 

N1 7.77 3.87 6.74 65.14 82.3 

N2 6.02 2.64 5.41 68.05 84.3 

N3 8.10 4.41 6.30 63.12 52.3 

 

Fig. 8. The EDS analyses taken from the surface of the F3 sample in Fig. 7. 
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Table 4. Vickers microhardness values and crystalline phases of the 
investigated glazes fired at 1060 °C with a heating time of 90 min and 

soaking time of 3 min. 

Sample Microhardness (HV) S ratio Crystalline phase 

F1 730 ± 14 0.38 Wollastonite 

F2 744 ± 20 0.31 Willemite + calcium 
aluminosilicate 

F3 817 ± 35 0.24 Calcium aluminosilicate 

N1 755 ± 16 0.38 Calcium silicate 

N2 635 ± 53 0.31 Willemite + wollastonite 

N3 742 ± 42 0.24 Wollastonite 

 
 
 

 Conclusions 4.

This study investigated the effect of ZnO particle size on the thermal 
behavior, phase evolution, microstructure, and optical properties of 
transparent borosilicate glass–ceramic glazes in the SiO2–Al2O3–B2O3–
ZnO–CaO–K2O system. The results demonstrated that ZnO particle 
size significantly influences melting behavior, crystallization kinetics, 
and densification during firing. The nano-sized ZnO systems exhibited 
enhanced reactivity and promoted structural modifications within the 
glass network because of their higher surface area and improved 
dissolution behavior. DTA, FTIR, and XRD analyses indicated that 
finer ZnO particles influenced crystallization behavior and promoted 
the formation of finer and more homogeneous crystalline distributions 
compared with the micro-sized ZnO systems. FE-SEM observations 
confirmed noticeable differences in crystal morphology and 
microstructural homogeneity between the investigated glaze systems. 
The optical properties of the glazes were strongly dependent on the 
balance between viscous flow densification and crystallization. In 
several nano-sized ZnO systems, improved densification contributed to 
relatively homogeneous glaze surfaces, whereas excessive 
crystallization in certain compositions reduced gloss and increased 
optical scattering. The mechanical properties were also affected by 
phase composition and microstructural development during firing. 
Overall, the findings demonstrate that ZnO particle size is an important 
parameter for controlling crystallization behavior, surface quality, and 
microstructural evolution in transparent borosilicate glass–ceramic 
glazes. 
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