Formulation of ceramic glazes by recycling waste glass
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Abstract
Basically, a traditional ceramic glaze is a thin layer of glass created on the ceramic surface to enhance the aesthetic appearance and also to waterproof the artifact. Almost all glazes are based on quartz, SiO2, and a flux such as Na2O or K2O, similar to the composition of common glass, which contains approximately 72% SiO2 and 15% Na2O, and is widely used as windows or in glass packaging. The current work investigated the formulation of glazes using recycled waste glass powder for firing temperatures of 1100 and 1250oC. Three transparent base glaze formulations were developed and by adding coloring agents such as iron, cobalt or copper oxide several colored glazes could be successfully produced. In this way, up to 30% of recycled waste glass powder could be incorporated into the glazes. 
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1. Introduction
Ceramic glazes represent a thin layer of glass applied on the surface of the ceramic artifact to enhance the aesthetic appearance and also to waterproof the product. The smooth surface of the glass layer facilitates cleaning and thus to maintain the hygiene of products such as cups, plates, sanitary vases and other. Generally, glazes are produced by the application of a suspension of oxides on the surface of the ceramic by immersion, spraying or painting, and fusion by a subsequent heat treatment. Most glazes are based on silica as the glass former and a flux such as sodium or potassium oxide, besides calcium, magnesium and aluminum oxides which enhance the stability of the glass formed. As raw materials for the base glaze mainly quartz, feldspars and whiting are used. The addition of other oxides, such as iron oxide, cobalt oxide and copper oxide, results in the coloring of the glaze. 
The most common defects observed in glazes are crazing and or crawling [1]. Crazing represents the formation of cracks in the glaze due to a mismatch between the thermal expansion coefficient of the glaze and the ceramic. Crawling describes an effect that a glaze does not cover the ceramic completely, which is mostly caused by a non-uniform surface of the ceramic.  

Industrial glass, such as flat glass or glass for containers are also composed of silica, sodium oxide and calcium oxide. A typical composition for transparent flat glass is 72% SiO2, 15% Na2O, 10% CaO and 2-3% Al2O3. Due the higher optical standards, synthetic soda, Na2CO3, is used to introduce Na2O into the composition instead of natural feldspar used for glazes. Although glass is completely recyclable in fact only 47% of the glass produced in Brazil was actually recycled in 2008 [2]. 
The objective of this work has been to use recycled glass in the formulation of glazes to substitute SiO2, Na2O and CaO in the composition. First two glaze compositions for the production of transparent and colorless glazes at a firing temperature of 1250oC have been chosen from the literature [3]. Then, the necessary adjustments of the composition by substitution of the natural raw materials, quartz, feldspar and clay with recycled waste glass have been done with the aid of the software GlazeChem 2.1. Several glazes incorporating up to 30% of recycled glass into the composition have been successfully developed.
2. Material and Methods
The chemical compositions of the raw materials used in this work are listed in Table 1. The glass powder was obtained by crushing and milling of transparent glass bottles. The other raw materials were acquired from Minasolo, Brazil.
Tabele 1: Composition of the raw materials used in the glaze formulations (wt-%)
	Component
	Na2O
	K2O
	MgO
	CaO
	Al2O3
	SiO2
	Fe2O3
	LOI*

	Glass
	15,27
	0,11
	0,31
	9,77
	2,12
	72,17
	0,08
	0,09

	Quartz
	_
	_
	_
	0,01
	0,15
	99,80
	0,02
	0,14

	Kaolin
	0,13
	0,24
	0,10
	_
	39,18
	45,59
	0,27
	13,8

	Dolomite
	_
	_
	18,0
	27,5
	_
	_
	_
	40,5

	Whiting
	_
	_
	_
	99,99
	0,003
	_
	_
	43,7

	Feldspar
	3,55
	11,20
	_
	_
	18,20
	66,40
	0,05
	0,6


* LOI, loss of ignition
.

Initially two glaze compositions reported in the literature [3] were chosen for this study. Two glaze compositions, denominated BG1 and TII, are indicated for a firing range of 1250oC. The third composition, TI, indicated for a firing temperature of 1100oC contains also lithium carbonate and borax to lower the melting temperature [4]. The compositions are listed in Tables 1 – 3 in weight percent and also in the molecular unity formula (or Seger formula). The unity formula shows the relationship between the number of molecules in the three categories: fluxes, stabilizers, and glass formers, aka RO/R2O, R2O3, RO2.  From this formula, one may deduce the surface characteristics, melting range, and color response of a glaze [5, 6].
Table 1: Composition of glaze BG1, 1250oC.

Table 2: Composition of glaze TII, 1250oC.

Table 3: Composition of glaze TI, 1100oC.

Figure 1 shows a graphical representation of the compositions of the three glazes prepared. The three axes shown are in analogy with the Seger formula, plotting the Al2O3 and SiO2 content while the third axis represents the whole amount of the alkali and alkaline earth metal oxides. 
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Figure 1: Graphical representation of the glaze compositions, BG1, TII and TI.
The raw materials were mixed in the appropriate amounts as indicated in Tables 1 – 3. Water was added until a suspension of creamy consistence was obtained. The suspensions were applied with a brush on substrates of pre-fired clay at 800oC. The clay body used was “Rezende branco”, commercial clay widely used by craftsmen in Brazil.  
The samples were fired in an electrical furnace at 1250 or 1100oC, with a heating rate of 2oC/min and an isothermal holding time of 1h. 
After the preparation and testing of the base glazes, variations were produced by adding coloring agents. The variations prepared with the glazes BG1 and TII are listed in Table 4 and the variations with glaze TI in Table 5.The procedure of mixing, application and firing were identical to the base glazes.
Table 4: Variations of the base glazes BG1 and TII, 1250oC.
	B
	C
	D
	E
	F
	G
	H
	R
	S
	T
	U
	V

	0,6% CoCO3
	10% SnO
	3% NiO
	10% MnO
	10% SnO 

+

5% Fe2O3
	10% SnO

+

10% Fe2O3
	10% SnO

+

0,6% CoCO3
	4% CuCO3

+

2,5% TiO2
	2% CoCO3

+

2,5% TiO2
	5% Fe2O3
	2% CuO
	10% ZnO

+

2% CuO


Table 5: Variations of the base glaze TI, 1100oC.
	B
	C
	D
	E
	F
	G
	H
	K
	M
	N
	O
	P
	R
	S
	T

	0,6% CoCO3
	10%

SnO
	3%

NiO
	10%

MnO
	 10% SnO

+

5%

Fe2O3 
	10%

SnO

+

10%

Fe2O3
	10%

SnO

+

0,6%

CoCO3


	1%

CuO
	10%

SnO

+

1%

CuCO3
	10%

MnO

+

0,6%

CoCO3
	10%

SnO

+

3%

Fe2O3
	2%

CuCO3


	4%

CuCO3

+

2,5%

TiO2
	2%

CoCO3

+

2,5%

TiO2
	5%

Fe2O3


3. Results

The appearance of the glazes after firing can be observed in Figure 2, BG1 and TII fired at 1250oC, and in Figure 3, TI fired at 1100oC. 
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Figure 2: Samples with glazes BG1 and TII after firing at 1250oC.
After firing, BG1 and TII showed no crazing or other failures, indicating that the thermal expansion coefficients of the substrate and the glazes are similar. Both glazes have a smooth appearance, BG1 being transparent and TII slightly matte. 
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Figure 3: Sample with glaze TI after firing at 1100oC.
The glaze TI developed for the lower firing temperature of 1100oC exhibited no defects, exhibiting a shiny and smooth surface but also slightly matte similar to glaze TII.

Starting with the base glazes developed for the firing temperatures of 1250oC, composition BG1 and TII, and 1100oC, composition TI, colored variations have been produced by adding oxides, as listed in Tables 4 and 5. Photographs of the colored samples are shown in Figure 4, 5 and 6 for the base glazes BG1, TII and TI, respectively.
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Figure 4: Variations of glaze BG1.
The results for the glazes prepared with the base BG1 and fired at 1250oC were completely satisfactory. All colors were well defined and all samples exhibit a smooth and shiny appearance without defects such as crazing or crawling. The colorations achieved were expected and in agreement with the oxides added, that is the addition of SnO2 (sample “C”) produces white, CoCO3 (sample “S”) blue, Fe2O3 (sample “T”) brown color, and so on.  Only variation “R” with the simultaneous additions of 4% CuCO3 and 2,5% TiO2 did not appear as bright as it should and had a less shiny appearance despite the base being a smooth, shiny glaze. It is believed that this characteristic is caused by the addition of titanium dioxide which acts as an opacifier.
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Figure 5: Variations of glaze TII.
The glazes formulated with the base glaze TII and fired at 1250oC were also quite satisfactory. Frequent defects such as crazing or crawling were not observed and the colors produced were also in agreement with the expectations and the added oxides. In some cases, such as compositions “U”, “T” and “R” the surface appeared to be even more brilliant compared to the same variations prepared with base glaze BG1. It seems that the oxides added in this case, CuO, CuCO3 and Fe2O3 had a greater influence by lowering the melting temperature of the glaze and thus producing the shiny surface.
[image: image6.jpg]



Figure 6: Variations of glaze TI.

The colored variations produced with the base glaze TI and fired at a temperature of 1100oC were also satisfactory. The samples did not show defects of crazing or crawling, but their appearance was not as shiny and brilliant as the samples fired at 1250oC. The reason for this behavior is probably the lower firing temperature. Despite the addition of LiCO3 and borax to lower the melting temperature, the glaze TI has not a very good fusibility at 1100oC as the base glazes BG1 and TII at 1250oC. Therefore the surfaces are less shiny.  
4. Conclusions
First, two base glazes, BG1 and TII, for a firing temperature of 1250oC and one, TI, for a firing temperature of 1100oC have been developed. The base glaze BG1 was of a completely transparent and shiny surface, while TII and TI had a slightly opaque surface. In all cases defects such as crazing or crawling were not observed, indicating that the thermal mismatch between the glaze and the ceramic body was very small and tensions in the glazes were kept to a minimum. 
By adding coloring additives such as CuCO3, SnO, Fe2O3, MnO, NiO, CoCO3, a wide palette of colors can be produced. It has been shown that the addition of these oxides did not alter the good properties of the base glazes, that is no macro-defects have been observed in the modified glazes. Further hues are possible by altering the amounts of the coloring additives.

Finally, this work demonstrates that it is possible to use waste glass in the production of ceramic glazes by an adequate adjustment of the glaze composition to the ceramic body in order to avoid defects caused by the different thermal expansion coefficient of the glaze and the ceramic. Another very important factor to be considered is the intended firing temperature of the ceramic ware. It is easier to develop high firing glazes, because the fusibility of the glass increases with increasing temperatures and the necessary adjustments of the composition are simpler to achieve. 
The amounts of waste glass used in the base glazes BG1, TII and TI were 27.8, 23.1 and 17.5%, respectively, demonstrating the viability and potential of recycling glass in this way. The benefits of using recycled glass in the glaze formation are the substitution of the natural resources of quartz and especially feldspar, besides to open up alternative ways of glass recycling. In this way, industry but also craftsmen may profit in recycling glass.   
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Molecular Unity Formula





Na2O   0.22      Al2O3  0.34       SiO2    3.13


 K2O   0.00                                  P2O5   0.00


 MgO   0.02                                 TiO2    0.01


 CaO    0.57                                 Fe2O3  0.01


  ZnO    0.12                              





Composition (wt-%)





 Glass powder                 27.8%


 Quartz                       	    28.5%


 Dolomite             	     0.2%


 Zinc oxide           	     4.9%


 Kaolin                            25.5%


                		  --------


                     		 100.0%                   








Molecular Unity Formula





Na2O   0.21      Al2O3  0.50       SiO2    3.40


 K2O    0.00                                 P2O5   0.00


 MgO   0.24                                 TiO2    0.01


 CaO    0.42                                 Fe2O3  0.01


  ZnO    0.12                              





Composition (wt-%)





 Glass powder                 23.1%


 Quartz                       	    25.5%


 Dolomite             	    13.9%


 Zinc oxide           	     2.8%


 Kaolin                            34.7%


                		  --------


                     		 100.0%                   








Molecular Unity Formula





Na2O   0.34       Al2O3  0.35       SiO2    3.40


 K2O    0.00       B2O3  0.38        TiO2    0.01


 MgO   0.01                                 Fe2O3  0.01


 CaO    0.27                                 


  Li2O  0.38                              


                                





Composition (wt-%)





 Glass powder                  15.2%


 Quartz                       	     30.3%


 Whiting             	       4.5%


  Kaolin                            22.7%


 Lithium carbonate            7.6%


 Borax                              19.7%


                		  --------


                     		 100.0%                   
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