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Abstract − Decoration is the most critical feature in determining the final quality of ceramic tiles. 

Traditional decoration techniques, such as screen printing and rotocolor, have been transitioned to 

inkjet printing due to technological improvements in the ceramic industry. Inkjet technology has 

enabled an unlimited variety of decorative designs, facilitated the efficient storage of designs, and 

made it possible to apply decoration without direct contact with the product. Additionally, inkjet 

decoration enhances the natural appearance of the image. Inkjet printers use inks in which inorganic 

particles are suspended in a carrier medium. Recently, effect materials that provide surface properties 

such as matte and gloss have also been utilized. The prepared effect material exhibits an average 

particle size (d50) of 0.3-0.6 μm, which is required to prevent clogging of the nozzle head in the inkjet 

printer. Effect materials are needed to demonstrate optimum viscosity, density, and particle size 

distribution, ensuring their suitability for use in inkjet printers. This study examines the particle size 

distribution, milling behavior, rheological properties, and morphological characteristics (as observed 

by SEM) of transparent, opaque, and matte glass-ceramic frits used in wall and floor tiles. 

Furthermore, optical properties were measured using gloss meters and colorimetric devices. The 

results demonstrate that the investigated frits fulfill the particle size and rheological requirements for 

jetting in inkjet printers, achieving d90 values below 1 μm to prevent nozzle clogging and post-dilution 

viscosities within the ideal range of 15–25 mPa·s. The frits were determined to be suitable for 

application on wall and floor tiles. 

Keywords − Grinding, particle size, optical properties, color, gloss 

1. Introduction 

Decoration is an essential aspect of the ceramic tile industry. The process is continually improving, with an 

increasing emphasis on aesthetic appearance and personal preferences [1]. The flat screen-printing method, 

which began in 1960, was replaced by rotary screen printing in 1970, and later by gravure printing in 1990 [2]. 

Inkjet technology has been adopted in the ceramic tile industry and has progressively become the most widely 

utilized technique in ceramic decoration since the 2000s. Efficient ink usage, non-contact decoration, and easy 

pattern changes have become possible with the transition from traditional methods to inkjet technology. In 

addition, this technology offers several advantages, including an unlimited variety of decorations, easy storage 

of designs, and the ability to apply them to uneven surfaces [3, 4]. 
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Two different mechanisms are used in inkjet technology: Continuous inkjet (CIJ) and drop-on-demand (DOD). 

DOD mechanism is utilized, where ink droplets are transferred from the print head to the surface in ceramic 

tile decoration [5, 6]. Ink ejection in the DOD mechanism is achieved by generating pressure waves through 

the deformation of a piezoelectric actuator under an electric field [7]. Inks used in inkjet printers generally 

consist of inorganic pigments, a solvent, and a dispersant. Ceramic inorganic pigments used as colorants are 

milled to form a suspension in a low-viscosity organic solvent. The dispersant prevents the agglomeration of 

pigment particles [8]. Inkjet inks require some physical properties such as particle size distribution, viscosity, 

and density [9]. Ink solutions are formulated to enable inkjet printing, taking into account defined printing 

parameters, rheological behavior, stability, and surface properties [7]. The particle size of the ink composition 

is reduced to submicron size to prevent clogging of inkjet printer printheads [10]. The micronization process, 

performed in high-energy ball mills using Y-stabilized zirconia beads, produces pigments with a median 

particle size typically ranging from 0.3 to 0.6 µm [11]. The standard four pigment cyan, magenta, yellow, and 

black (CMYK) are utilized in inkjet printing, and glass frit suspension is also applicable in this printing [12]. 

Glazes are composed of raw materials such as quartz, alumina, feldspar, calcite, magnesite, and frit, which 

contribute to both the surface properties and the decorative aesthetic of ceramic bodies [13, 14]. Frits are 

produced by melting a mixture containing glass-forming components, such as silica, and alkali oxides at 

approximately 1500°C, followed by rapid cooling in water, to obtain non-uniform glass particles [15]. 

Frits with distinct characteristics such as opacity, gloss, fusibility, and viscosity are available. Transparent 

glazes, typically obtained from frits that remain uncrystallized during firing and which exhibit low abrasion 

resistance, are characterized by light transmission without scattering [16-18]. Opaque glazes contain zircon, 

and their opacity is related to the refractive index. The difference in refractive index between the opacifier and 

the glassy matrix increases light scattering, thereby enhancing the opacity of the glaze [16]. On the other hand, 

the high surface roughness causes the incident light to reflect diffusely in matte glazes. As a result, the intensity 

of the reflected light decreases, reducing the gloss value [19]. The pigments used in inkjet printing provide 

coloration; however, different optical and textural properties, such as transparency, opacity, or a matte surface 

finish, are achieved through the application of effect materials. 

Numerous studies in the relevant literature have explored the applications of inkjet technology in the ceramic 

tile industry. Among these studies, the use of ceramic pigments in inkjet inks is included. In addition, 

developments and challenges in the use of pigments in inkjet technology have been discussed [4, 10]. The 

rheological behavior and stabilization of water-based inkjet inks have also been investigated [20]. Moreover, 

there are studies on the development of inkjet ink formulations and environmentally friendly production 

methods. However, there is a dearth of literature examining the application of glass ceramic frits as effect 

materials on ceramic tile surfaces using inkjet printing technology and their effects.   

This study aims to investigate the use of glass-ceramic frits as effect materials, which exhibit transparent, 

opaque, and matte surface appearances after firing in inkjet printers. The evolution of particle size distribution, 

rheological properties, morphological behavior, and regime differences of glass-ceramic frits applied to wall 

and floor tiles are discussed in detail. By analyzing these characteristics, the study provides insights into 

optimizing the performance of effect materials for digital decoration applications in the ceramic industry. 

2. Materials and Methods 

Three commercial frits (Kale Frit, Türkiye) with different chemical compositions and optical appearances after 

firing (MAT: matte, OPAK: opaque, and TRS: transparent) were selected for the studies. The chemical analysis 

of the frits was performed using the X-ray Fluorescence (XRF, Panalytical Axios Max) method (Table 1). To 

determine the melting behavior of the frits, a heat microscopy device (Misura 3.32 ODHT HSM) was used, 

with the temperature increasing to 1300°C at a rate of 40°C/min. The linear thermal expansion measurements 

were carried out using a dilatometer (Netzsch DIL 402) at a heating rate of 10 °C/min. The heat microscopy 
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results, and linear thermal expansion values of the frits are shown in Table 2. Milling additives and diluent 

solvents were used as chemical agents during the milling and dilution stages to enhance grinding performance. 

The micronization process was carried out in two stages: pre-grinding (Gabrielli, Italy) and high-energy ball 

mill (Bluenco, Italy). The particle size of the frits with an average diameter ranging from 5 to 10 mm was 

reduced using pre-grinding. Samples were prepared using 60 (wt.%) frit and 40 (wt.%) ester-based milling 

solvent for each glass-ceramic frit. In the pre-grinding stage, alumina balls (0.5 mm, 3 kg) were used to wet 

grind all the frit compositions at 45 rpm for 40 hours. The final particle size of each frit composition was 

approximately 8 µm (d90). In the second stage of milling, 1 kg of frit solvent mixture was milled in a 3 L high-

energy ball mill (Bluenco) at 1350 rpm for up to 28 hours using Y-stabilized zirconia grinding media (0.35-

0.45 µm of (d50), 1.2 L). The particle size distribution was measured by laser diffraction (Malvern Mastersizer 

2000) to determine the grinding behavior of TRS, OPAK, and MAT frits. The viscosity measurements were 

carried out using a rheometer (Kinexus, Malvern) at a shear rate of 20 s⁻¹ and a temperature of 40°C. 

Table 1. Chemical analysis of TRS, OPAK, and MAT frits (wt.%) 

Oxides TRS OPAK MAT Frit 

SiO2 60-65 55-60 45-50 

Al2O3 2-6 2-6 18-23 

TiO2 0-0.5 0-0.5 0-0.5 

Fe2O3 0-0.3 0-0.3 0-0.3 

CaO 10-15 10-15 20-30 

MgO 0-3 0-3 7-15 

Na2O 0-2 0-3 - 

K2O 2-5 2-5 - 

ZnO 5-13 5-13 - 

B2O3 0-4 0-4 - 

ZrO2 - 7-12 - 

 

 

Table 2. Thermal behavior analysis of TRS, OPAK, and MAT frits 

Sample Sintering (°C) Softening (°C) Sphere (°C) Melting (°C) α400 (10-6 °C-1) 

TRS Frit 915 1115 1140 1240 6.0 

OPAK Frit 895 1140 1160 1210 6.2 

MAT Frit 885 1280 - 1295 6.7 

Effect materials were filtered down to 10 µm and 5 µm, respectively, to ensure that no coarse particles were 

left for inkjet applications. The solid content of the concentrated frit composition was reduced from 60% (wt) 

to 42% (wt) using an ester-based solvent for inkjet printing. The densities of the concentrated effect material 

before dilution were 1450 g/L, whereas after dilution, the densities decreased to 1210 g/L. The obtained density 

is within the suitable range of 1200 to 1400 g/L for application in inkjet printing [21]. 

Green floor and wall bodies (30x60 cm) were obtained from the Kaleseramik Factory for the application of 

TRS, OPAK, and MAT effect materials. Each effect material was applied to the green tiles using an inkjet 

printer (Projecta, G Plotter) at coating weights of 25, 50, and 100 g/m². Wall tiles were fired at 1130 °C for a 

total kiln cycle time of 49 min, and floor tiles were fired at 1180 °C for a total kiln cycle time of 65 min in 

industrial roller kilns at the Kaleseramik Factory. 
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A gloss meter (Zehntner, ZGM 1110) was used to measure the 60° gloss values of the effect materials on the 

fired tiles. Chromatic coordinates were determined using a spectrophotometer (Konica Minolta Chroma Meter, 

CR-400). The surface of the effect materials applied to the tile surfaces was examined by scanning electron 

microscopy (SEM, Tescan Vega) using secondary electron mode, with an accelerating voltage of 15 kV. 

3. Results and Discussion 

3.1.  Milling Behavior 

The particle size distribution of TRS, OPAK, and MAT frits after 24 and 40 hours of pre-grinding is presented 

in Table 3. The maximum particle size (d100) values for TRS, OPAK, and MAT frits after 24 hours of milling 

were measured as 18.5, 18.7, and 18.3 µm, respectively. The maximum particle size (d100) values decreased to 

12.7 µm for TRS, 15.2 µm for OPAK, and 16.3 µm for MAT after 40 hours of milling. The results revealed 

that the particle sizes of each frit depend on both the grinding time and the type of frit. The TRS frit showed a 

higher level of grinding efficiency compared to the OPAK frit. In contrast, the MAT frit exhibited minimum 

efficiency in the pre-grinding stage. 

Table 3. Particle size distribution of TRS, OPAK, and MAT frits after pre-milling 

Sample Time (hour) d50 (µm) d90 (µm)  d100 (µm) 

TRS 24 4.3 9.6 18.5 

TRS 40 3 7 12.7 

OPAK 24 3.4 9.7 18.7 

OPAK 40 2.5 7.6 15.2 

MAT 24 2.4 8.3 18.3 

MAT 40 2.4 7.7 16.3 

Figure 1 illustrates the particle size distribution of TRS effect materials as a function of milling time (0, 2, 4, 

8, 16, and 28 hours) using a high-energy ball mill (Bluenco). The graph initially exhibits a bimodal distribution; 

however, the distribution transitions into a monomodal distribution after 8 hours. 

 
Figure 1. Particle size distribution of effect materials – TRS 
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In Figure 2, the particle size distribution of the (a) OPAK and (b) MAT effect materials are presented as a 

function of milling time (0, 2, 4, 8, 16, and 28 hours), which were also performed using a high-energy ball mill 

(Bluenco). A multimodal distribution was observed initially for the OPAK and MAT effect materials. A 

bimodal distribution is obtained after 2 hours of milling. However, a stable particle size distribution was 

achieved after 8 hours. The effect materials exhibit a monomodal distribution and a uniform structure at 28 

hours. The observed uniform distribution of particles indicates that the material is suitable for inkjet 

applications [22]. The analysis of all the effect materials reveals that increasing the milling time results in a 

monomodal distribution after high-energy ball milling. 

  

Figure 2. Particle size distribution of effect material (a) OPAK, (b) MAT 

Figure 3 presents the particle size at which 90% of the particles are smaller (d90) in the solvent as a function of 

milling time for TRS, OPAK, and MAT effect materials. The particle size (d90) of each effect material ranges 

between 0.9 µm and 3.4 µm, depending on the milling time. The particle size decreased to 1.1 µm in the MAT 

effect material, 1 µm in the OPAK effect material, and 0.9 µm in the TRS effect material for 90% of the 

particles after 28 hours of milling using high-energy ball milling. Preventing clogging of the nozzles in inkjet 

printing requires that 99% of the material or pigment particles be smaller than 1 µm [4, 23, 24]. The utilization 

of high-energy ball milling has enabled the achievement of a particle size suitable for application in the nozzles 

of the inkjet printing. 

 
Figure 3. Particle size graph (d90) of TRS, OPAK, and MAT effect materials 
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3.2.  Rheological Behavior 

The viscosity variation of the TRS, OPAK, and MAT effect materials at a shear rate of 20 s-¹ with increasing 

milling time is presented in Figure 4. The viscosity changes for each material during the high-energy ball 

milling process exhibit similar behavior up to 12–16 hours. However, a significant increase in viscosity values 

is observed after 16 hours. This behavior is attributed to the reduction in particle size, which enhances particle 

interactions. The increased particle interactions lead to a decrease in fluidity [25]. The viscosity values of TRS, 

OPK, and MAT effect materials were measured after 28 hours of milling as 115.30, 158.70, and 230.80 cP, 

respectively. The results show that viscosity increases more significantly in the MAT effect material during 

the high-energy ball milling process. The OPAK and TRS effect materials follow this. MAT frits are typically 

characterized by crystalline glass systems, which is directly related to their raw material composition. As 

shown in the chemical analysis (Table 1). MAT frit contains low amounts of the glass former SiO₂, and high 

concentrations of network modifiers such as CaO and MgO. This oxide distribution reduces the glass-forming 

ability of the system. The reduction in SiO₂ content leads to a decrease in the glass transition temperature (Tg) 

[13]. MAT frit exhibited the lowest milling efficiency and the highest viscosity compared to TRS and OPAK 

frits (Figure 4). This can be correlated with its distinct chemical composition, particularly the higher levels of 

CaO and MgO (Table 1). Previous studies have similarly reported that frit solubility is strongly affected by the 

CaO and MgO contents [27]. A high level of CaO and MgO may weaken the effect of the dispersant. This 

leads to an increase in the viscosity of concentrated ink, and the higher viscosity reduces milling efficiency. 

The post-dilution viscosities of the TRS, OPK, and MAT effect materials were measured as 22.57 cP for TRS, 

23.96 cP for OPK, and 24.73 cP for MAT. The ideal viscosity range of 15 to 25 mPa.s, required for application 

in the inkjet printing, was obtained for each effect material with the dilution process [28]. The average particle 

size (d50) required to prevent clogging of the nozzle head in the inkjet printer is defined as 0.2-0.6 µm [29]. 

The average particle size (d50) was measured as 0.500 µm for TRS, 0.518 µm for OPAK, and 0.545 µm for 

MAT effect materials after 28 hours of milling. These results indicate that suitable parameters for inkjet 

printing were achieved. 

 
Figure 4. Viscosity (cP) at shear rate of 20 s-¹ for TRS, OPAK, and MAT effect materials 

3.3.  Microstructural (SEM) Analysis 

In Figure 5, secondary electron images obtained after the application of the TRS effect material on the wall 

tile and floor tile were presented with distinct surface roughness on the wall tile compared to the floor tile 

Figures 5a and 5b. The difference in firing temperatures between the floor tile and the wall tile was identified 

as the determining factor. Floor tile firing temperatures are higher than those of wall tile, and firing times are 

longer. The viscosity of the melt decreases with increasing temperature, resulting in improved spreading on 

the surface of the floor tile (Figure 5b). 
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Figure 5. Secondary electron images of TRS effect material: a) Wall tile, b) Floor tile 

SEM images of the OPAK effect material applied on the wall tile and floor tile are given in Figure 6. The 

images revealed variations in surface roughness between the applications on wall tiles and floor tiles in Figures 

6a and 6b. The increase in temperature was identified as the factor enhancing the spreading of the material on 

the surface, as observed in the case of the TRS effect material. However, when the surfaces with TRS and 

OPAK effect materials are compared, it is observed that the TRS effect material spreads more evenly after 

firing, both on the wall and floor tiles in Figures 5 and 6. This is due to the difference between the softening 

temperatures (Table 2) of the frits, and the softening temperature of TRS frits is lower than that of OPAK frits. 

  

Figure 6. Secondary electron images of OPAK effect material: a) Wall tile, b) Floor tile 

The electron microscope images of the sample obtained from the MAT effect material are presented, with 

applications to the wall and floor tile bodies in Figures 7a–b and 8a–b. The secondary electron images of the 

matte effect materials show the existence of unmelted particles with sizes ranging from 1 to 2 µm. The lower 

magnification image of the wall tile application shows fewer topographical differences than the TRS and 

OPAK effect materials, while high topographic difference is observed over a large planar distance in the floor 

tile (Figures 7a and 7b). In higher magnification images, particles were not fully sintered, and both wall and 

floor tile samples contained fine particles (Figures 8a and 8b). This is due to the high softening temperature of 

the MAT frit (Table 2). The viscosity of the melt does not decrease, and the viscous flow is slow due to 

insufficient temperature. 
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Figure 7. Secondary electron images of MAT effect material: a) Wall tile, b) Floor tile 

 

 

  
Figure 8. Secondary electron images of MAT effect material: a) Wall tile, b) Floor tile 

3.4.  Optical Properties 

Figure 9 presents the surface gloss measurements of TRS, OPAK, and MAT effect materials applied to wall 

and floor tiles. The applications were carried out at coating weights of 25, 50, and 100 g/m². The gloss 

measurements of the tiles increased with the coating weight of TRS and OPAK effect materials, which is 

related to increased material coverage on the tile surface, resulting in a more uniform surface. The application 

temperature of the floor tile enables the effect material to spread efficiently across the surface. This analysis is 

supported by the SEM images of TRS and OPAK effect materials applied to wall and floor tile, as presented 

in Figures 5 and 6. The literature indicates that a glossy appearance is obtained through the smooth reflection 

of light beams on a flat surface. The intensity of the reflected beam affects the visual appearance of the surface. 

A glassy structure increases light reflection, producing a smooth and glossy finish, which enhances the 

aesthetic appearance and surface quality of the coated tiles. The gloss measurements of the MAT effect 

material on wall and floor tiles indicate that increasing the applied effect material has a limited impact on the 

100 µm a) 100 µm b) 

a) 10 µm 10 µm b) 
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surface properties. Diffuse scattering of incoming light beams results in the matte appearance of a surface, 

primarily caused by the surface topography of glaze [26]. The higher softening point of the MAT effect 

materials results in a fine topography in the microstructures, which causes high diffuse reflection (Figures 8a 

and 8b). Increasing the amount of MAT effect material has an insignificant impact on gloss measurements due 

to the micro-rough texture formed on the surface, which scatters light subtly without significantly affecting the 

measurement of gloss. 

  

Figure 9. Surface gloss measurements of TRS, OPAK, and MAT effect materials as a function of increasing 

applied amount, a) Wall tiles, b) Floor tiles 

4. Conclusion 

This study demonstrated that frits with transparent, opaque, and matte surface properties are suitable as effect 

materials in industrial ceramic wall and floor tile applications through the high-energy ball milling process. 

The process achieved d₉₀ values below 1.0 µm, preventing nozzle clogging, and maintained post-dilution 

viscosities within the optimal range of 15–25 mPa·s. The surface properties of coatings with different effect 

materials were also evaluated as a function of temperature. Coatings with TRS and OPAK effect materials 

showed an increase in gloss with rising temperature, resulting in smoother and more reflective surfaces. In 

contrast, coatings with the MAT effect material exhibited a fine and rough topography due to crystallization 

behavior. A high softening temperature combined with reduced viscous flow leads to restricted sintering and 

provides a matte surface appearance. In conclusion, variations in surface topography were identified as the key 

factor distinguishing matte from glossy surface finishes. 
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