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 This study aimed to utilise borosilicate glass waste to produce dental ceramics. 

Commercially available borosilicate glass was crushed, and ground, and five 

different recipes were prepared by adding 3%, 6%, 9%, 12% and 15% by weight of 

zirconium oxide containing yttrium. The samples were subjected to fritting after 

melting at temperatures between 1450-1500°C, and after the powder mixtures, which 

were again crushed and ground, were condensed by layering or pressing methods and 

then sintered at 925°C. Based on the results, the sample with a 6% zirconium oxide 

additive, condensed using the pressing method, demonstrated the highest flexural 

strength. On the other hand, the group with a 15% zirconium oxide additive, prepared 

using the same technique, exhibited the lowest strength value. The sample prepared 

by the pressing method with 3% zirconia additive demonstrated the highest light 

transmittance. The sample prepared using the same process with 12% zirconia 

additive showed the lowest light transmittance. In conclusion, the light transmittance 

and colour properties of the samples obtained have values similar to those of dental 

ceramics. This experimentally prepared material can be used in dental restorations 

supported by a substructure when evaluated in terms of flexural strength. 
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INTRODUCTION 

Glass-ceramic composites are materials initially processed as 

glass and converted into glass-ceramic composites to improve 

the properties of ceramics. In other words, glass-ceramics are 

polycrystalline materials produced by controlled crystallisation 

and have much higher mechanical strength and lower 

coefficient of thermal expansion than glass (1,2). Glass-

ceramics are often used in prosthetic treatments because of their 

high durability, resistance to wear in the oral environment, and 

natural tooth appearance (3). Glass matrix ceramics used in 

dental restorations are classified as feldspathic, glass infiltrated, 

and synthetic (4). The traditional type of dental ceramic is 

feldspathic ceramics that consist of feldspar (KAlSi3O8), quartz 

(SiO2) and kaolin (Al2O3-2SiO2-2H2O) (5). This material 

mimics natural tooth structure with high transparency and is 

layered onto metal, alumina or zirconia cores for prosthetic 

treatments (6). 

Borosilicate glasses, produced by adding alkali to silica and 

boron oxide, are a widely used family of glasses, mainly 

because of their low coefficient of thermal expansion and high 

resistance to chemical attack (7). SiO2 and B2O3, the significant 

components of borosilicate glass, increase the transparency and 

chemical resistance of the glass (8). This property of the 

compounds has led researchers to investigate the optical and 

mechanical effects of B2O3 addition on dental materials. 

Yoshimura et al. (9) concluded that in dental ceramic 

compositions prepared with the addition of boron oxide, the 

light transmission of the final product was better than in 

ceramic alumina due to the excellent infiltration of boron oxide 

into the alumina and the filling of the porous structures inside, 

thanks to the reduction in the viscosity of the glass structure. In 
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their study, Höland et al. (10) reported that adding boron oxide 

can make ceramics translucent to a degree comparable to 

natural teeth.  

Nanomaterials exhibit superior properties compared to 

conventional materials, improving both the optical and 

mechanical properties of materials. Zirconia nanoparticles 

exhibit desirable properties such as high hardness, 

biocompatibility, and melting point, and they are used to 

improve the mechanical properties of dental materials (11,12). 

New resource extraction methods have been developed and 

must be further implemented to derive more value from natural 

resources. Increased recycling of materials positively impacts 

the environment by reducing emissions and improving the 

sustainability of raw material usage (13). This pilot study aims 

to investigate the recycling of borosilicate glass waste, which 

contains about 13% boron compounds, for producing dental 

ceramics with high boron content. The idea for the research 

originated from the fact that borosilicate glass contains 

compounds similar to those of traditional feldspathic ceramics. 

It was thought that dental ceramics could be produced 

competitively with commercial products by adding a 

reinforcing element with high mechanical strength, such as 

zirconium oxide, to borosilicate glass waste. The research aims 

to make dental ceramics from borosilicate glass waste by 

recycling and transforming it into a valuable eco-product with 

environmental and economic benefits. 

 

METHODS 

The materials used in the study are listed in Table 1. The flow 

chart of the research is shown in Table 2. This experimental 

study used a hammer to break commercially available 

borosilicate glasses into small pieces. During the breaking 

process, the hammer was wrapped in a thick towel to prevent 

the metal powders in the hammer from contaminating the glass 

fragments. The borosilicate glass shards that had been reduced 

to small pieces were added to the ball mill container, taking into 

account the volume of the ball mill container, and ground with 

alumina balls for 30 minutes. The glass powders removed from 

the mill were wet-sieved through 100-micron sieves. The glass 

powders remaining on the sieve were dried in an oven at 100 

°C for 24 hours, ground in a ball mill for 30 minutes, and dried 

with the same protocol. Five different recipes were prepared by 

adding 3% (3), 6% (6), 9% (9), 12% (12) and 15%(15) w/w 

zirconia powder to the dried glass powders by weighing on a 

precision balance. In the recipe preparation process, after 

adding zirconium to the glass powders in the specified 

proportions, they were mixed in an aqueous medium with a 

magnetic stirrer for 30 minutes, and the mixed samples were 

dried in an oven at 100 °C for 24 hours. The dried samples were 

melted between 1450-1500°C, and the melted samples were 

subjected to a fritting process. After fritting, the samples were 

again crushed using a towel-wrapped hammer and ground in a 

ball mill for 30 minutes. All recipe groups were then divided 

into two sub-groups (condensed by layering (LY3, LY6, LY9, 

LY12, LY15) or pressing (PR3, PR6, PR9, PR12, PR15) 

methods), with the glass powders in the LY group mixed with 

dental modelling liquid. To ensure standardisation of the 

samples belonging to this group, the amounts of powder and 

modelling liquid were prepared in the same ratio in all recipe 

groups using a scaled spoon and dropper (2 scales of powder, 

ten drops of liquid). The powders in the PR group were 

pressurised to 100 bar in a hydraulic press in the dry state. All 

samples were sintered at 925°C in a dental ceramic furnace in 

standard moulds with a diameter of 14x4x2 mm for flexural 

strength and 10 mm and 2 mm thickness for light transmission. 

To standardise the surfaces of all specimens after sintering, the 

specimens to be evaluated for flexural strength were ground 

with #400, #600 and #800 silicon carbide papers and the 

specimens to be evaluated for light transmittance were ground 

with #400, #600, #800, #1000, #1200 and #1500 silicon carbide 

papers. 

Table 1. Materials used in the study. 

Material Brand, Manufacturer 

Borosilicate glass 
Paşabahçe Borcam, 

Paşabahçe, İstanbul, Turkey 

Zirconium dioxide 

stabilised with 3 mol % 

yttrium 

Yttria -Zirconia, Nanografi, 

Ankara, Turkey 

Feldspathic dental 

porcelain powder 
G-ceram, İzmir, Turkey 

Modelling liquid Çoşkan Dental, Turkey 

 

The flexural strength of the standardised specimens was 

assessed using a three-point flexure test in a universal testing 

machine, and the light transmittance was evaluated using a 

digital spectrophotometer. Translucency was measured using 

the translucency parameter (TP). The transmittance was 

obtained by calculating the colour difference of the sample on 

black and white backgrounds using the formula TP = [(LB - 

LW)2 + (aB - aW)2 + (bB - bW)2]½. In this formula, the values 

L, a and b are the colour parameters recorded on the 

spectrophotometer for each sample. LB, aB and bB are the L, a 

and b parameters of the samples measured on a black 

background, and LW, aW, and bW are the L, a and b parameters 

of the samples measured on a white background. TP is the 

translucency parameter. "When the TP value increases, the 

material becomes more translucent." Flexural strength was 

calculated using equation 3Pl/2wh2. Where P is the value of the 

load at the moment of failure in Newtons; l is the distance 

between the supports; w is the width of the specimen; h is the 

height of the specimen. In addition, a sample of feldspathic 

ceramic, often used in prosthetic treatments, was prepared to 

compare light transmission, and TP was compared with all 

groups. 

The numerical values of the specimens' light transmittance 

were compared within each other and with the control group, 

and the flexural strengths were analysed with mean and 

standard deviation values. In addition, the values obtained from 

the experiment were compared with those of ceramic and 

ceramic-like materials used in existing dental treatments. 
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Table 2. Flow diagram of the study.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preparation of borosilicate glass shards 

 

Grinding  in a ball mill and wet sieving of glass shards  

 

 Drying of wet glass powders in an incubator 

 

 Preparation of prescriptions 

 

3% 3-YTZP 

added 

6% 3-YTZP 

added 

9% 3-YTZP 

added 

%12 3-YTZP 

added 

15% 3-YTZP 

added 

 

 Mixing of recipes in aqueous medium in a magnetic stirrer 

 

 Drying the mixtures in an incubator 

 

 Melting and fritting processes 

 

 Grinding the fritted samples 

 

Preparation of samples before sintering and identification of the study groups 

Condensation of ceramic powders with 

modelling liquid (LY): 

LY3: 3% 3-YTZP added 

LY6: 6% 3-YTZP added 

LY9: 9% 3-YTZP added 

LY12: 12% 3-YTZP added 

LY15: 15% 3-YTZP added 

  

Condensation of ceramic powders by hydraulic 

press (PR): 

3PR: 3% 3-YTZP added 

6PR: 6% 3-YTZP added 

9PR: 9% 3-YTZP added 

12PR: 12% 3-YTZP added 

15PR: 15% 3-YTZP added 

 

                                           

 Sintering the samples in a dental ceramic furnace 

 

Surface standardisation, evaluation of flexural strength and light transmittance 
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RESULTS AND DISCUSSION 

Table 3 displays a detailed analysis of the flexural strengths of 

the samples, along with their mean and standard deviation 

values. The table also provides the samples' TP values. After 

analysing the results, it was discovered that the PR6 group had 

the highest flexural strength, while the PR15 group had the 

lowest. Figures 1a and 1b compare the light transmittance of 

ceramics produced by different condensation techniques and 

made from various formulations. Additionally, Figure 1c shows 

a visual comparison of the light transmission of the sample with 

the highest translucency parameter when compared to a 

commercial feldspathic ceramic. The PR3 group had the 

highest TP value, while the PR12 group had the lowest, 

indicating lower transparency. When the flexural strengths of 

all prescription groups were evaluated, there was no statistically 

significant difference between the groups (p>0.05). 

Table 3. Flexural strength values and the translucency 

parameters of the samples. 

Groups 
Flexural strength (n=3) 

(MPa) 

Translucency Parameter 

(n=1) 

CTR NA 14.06 

LY3 83.81±16.71A 12.47 

LY6 69.95±11.08A 13.55 

LY9 59.21±12.54A 7.41 

LY12 70.46±12.44A 5.75 

LY15 50.17±10.92A 2.95 

PR3 62.65±12.06A 15.07 

PR6 91.98±0.69A 13.92 

PR9 69.40±21.93A 10.34 

PR12 70.64±5.55A 0.48 

PR15 49.40±10.92A 1.25 

Different letters written with superscripts in the same column indicate statistical 

difference (p<0.05). CTR: Control, NA:  Not applicable. 

In this study, borosilicate glass waste was ground and zirconia 

was added to these ground powders at specific weight ratios. 

According to the results of the study, the samples produced with 

3% and 6% zirconium oxide additions are similar to dental 

ceramics used in routine treatment in terms of light 

transmission and colour. Considering the results of the study, it 

can be concluded that this experimentally formed material has 

a significantly lower flexural strength than dental ceramics 

applied without any substrate requirement; on the other hand, 

especially the recipes with 3% and 6% zirconium oxide 

addition have similar values to the flexural strength of dental 

ceramics coated on the substrate. A study evaluating the 

flexural strength of veneering ceramics concluded that the 

flexural strength of different ceramics varied between 61.6 MPa 

and 120.8 MPa (14). In another study, this value was found to 

be 69.8 and 65.5 MPa for two different veneering ceramics (15).  

Another study reported that the flexural strength of 13 different 

veneering ceramics ranged from 77.8 MPa to 149.4 MPa (16). 

From this point of view, this ceramic material can be used in 

prosthetic treatments supported by metal or zirconium 

substructures as long as it has appropriate mechanical and 

biological parameters (17–19). 

 

Figure 1. Figures 1a and b. Visual comparison of the light 

transmission of ceramics made from different formulations and 

produced by different condensation techniques. Figure 1c. 

Visual comparison of the light transmission of the sample with 

the highest translucency parameter with a commercial 

feldspathic ceramic. 

The present study compared the light transmission (TP) 

parameter with feldspathic ceramics used in routine treatment. 

The reason for using feldspathic ceramics is that the light 

transmittance is clinically acceptable (20) and to evaluate the 

achievability of the same property in experimentally prepared 

glass ceramics. The light transmittance values of the samples 

with 3% and 6% zirconia additions were very close to those of 

the feldspathic ceramics, such that the sample belonging to the 

3PR group had a higher TP value than the feldspathic ceramic. 

The ceramic samples produced in this context are clinically 

acceptable regarding light transmission. The samples with high 

zirconia content had lower TP values due to the opaque 

structure of zirconia, hindering light transmission. 

The formulations prepared in the study were melted at 

temperatures between 1450-1500 °C. The low strength may be 

because the zirconia particles are not completely melted at this 

temperature range, and the mixture is not homogeneously 

distributed. Another finding supporting this situation is that the 

higher zirconia formulations had lower flexural strength than 

the others. Although strength is expected to increase in the 

groups where a high-strength material such as zirconium is 

added at a higher rate (groups with 12% and 15% added), the 

lower strength values may be because the melting temperature 

of the zirconium in the powder mixture is not high enough. The 

zirconium and glass powders are not homogeneously 

distributed. 

The sintering temperature is an important parameter affecting 

zirconia particles' porosity rate and growth. It can also affect the 
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strength and durability of zirconia (21). In this study, the 

sintering temperature was 925°C. However, the low flexural 

strength of zirconium-containing samples suggests that this 

temperature is not sufficient. 

Rough or irregular ceramic surfaces can cause stress 

concentration and initiate crack propagation, leading to several 

failures in ceramic restorations (21). A study investigating the 

effect of hydrofluoric acid roughening time on surface 

roughness and glass matrix ceramics' flexural strength 

decreased as surface roughness increased (22). In the current 

study, the surfaces of the specimens to be tested for mechanical 

strength were standardised using abrasives with grits of #400, 

#600 and #800. Another reason for the low flexural strength 

found in the study results may be that the abrasives used to 

standardise the surface of the specimens did not produce 

sufficient roughness. 

This study has limitations, including a small sample size and a 

limited range of zirconium ratios added to the borosilicate 

powder. Different sintering times and temperatures were not 

evaluated, and only bending strength and translucency 

parameters were analysed. Further research should examine 

other factors, such as fracture toughness, hardness, and thermal 

conductivity, and determine sintering times and temperatures 

through thermal analyses. Structural evaluations can be carried 

out using SEM and EDX analyses. 

 

CONCLUSION 

As a result, the samples' light transmission and colour 

properties have similar values to those of dental ceramics. This 

experimentally produced material can be used in dental 

restorations supported by a substructure when evaluated in 

terms of flexural strength. This study can guide the production 

of dental ceramics with acceptable optical and mechanical 

properties by recycling borosilicate glass waste. 
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