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Abstract

Frit based glaze is a thin glassy surface coating which gives technical and aesthetic value to the ceramic product after firing. Crystalline glazes are one
of the most important type of artistic glazes formed through a controlled crystallization of glass during a special heat treatment. Crystals are visible to
the naked eye and the product can have only a few single crystals on the surface or the entire surface can be coated with crystals. The preferred clay
substrate for crystalline glazes is porcelain and in some cases may be used for the macrocrystallines. Usage of these types of glazes as porcelain tile
coatings is an alternative choice for relevant ceramic industry and these glazes strongly enhance the visual quality of the final products. When
designing crystalline glazes for porcelain tiles; besides the chemical composition, mechanical properties such as hardness is also an important factor.
Within the scope of experimental studies, frit based crystalline glazes which consist of different nucleating agents such as MnO, Fe, 03, NiO, CoO,
CuO and Cr,O3 were applied on the raw porcelain bodies and then subjected to a special heat treatment cycle. The aim of this study was to investigate
the effect of different metal oxides on crystallization capacity of newly developed fritted glaze compositions and Vickers hardness of the final
products. Micro hardness of the glazes was measured with Vickers hardness test method. Characterization of crystalline glazes was done by x-ray
diffraction (XRD) technique.
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Introduction

There are many types of glazes in the ceramic industry and the demand for new products is increasing each passing day.
Ceramic glazes can be classified as raw or fritted depending on their composition or method of production or, by
making a generalization that can cover all of these groups, as liquid or viscous liquid. They can also be classified as
single-firing and double-firing glazes or according to the different firing atmospheres [1-2]. There are glazes with
various colours and surface properties currently being used. The physical and mechanical properties of the final product
is related to some factors such as firing procedure, temperature, application method, and its ingredients. Therefore, in
order to develop and calculate a new glaze, it is necessary to control the whole production process and know the

behaviour and effect of its component materials [3].

The knowledge of ceramic glaze occurrence can lead to develop glazes with appropriate physical, chemical and
mechanical properties to fulfil particular requirements according to application areas. Glazes provide hardness,
chemical resistance and protection against external effects to the materials they coat. When designing a new product for
ceramic market by using crystalline glazes, the final appearance is not the only factor because the glaze should also
fulfil the desired mechanical properties. Hardness is one of the most important mechanical properties of ceramic glazes
and microhardness is defined as the resistance offered by the materials against breaking. Conventionally, the
measurements in the hardness test are performed using a Vickers indenter. The Vickers hardness test is performed by

exerting a force of 1 kg (9.81 N) for a specific period of time [4-6].

An artistic type of glaze, the crystal glazes are glazes that contain crystals which enlarge while cooling, along with the
firing process [7]. Nowadays, crystalline glazed products exhibit many innovations for the decoration of ceramics.
With crystal glazes, very diverse visual effects such as transparent, opaque, glossy or nacreous effects may be achieved
on the glaze surface thanks to the micro and macro crystals dispersing within the glaze during the firing process. These
glazes may be prepared as raw or fritted glazes. If the glaze does not contain soluble materials, it can be prepared as a
raw glaze and cost effective glazes can be obtain. However, fritted glazes are more advantageous because they mature

shortly with respect to raw ones [8-9].

Various factors play a role in the crystallization within the glaze. The most prominent of these factors is the fact that the
liquidity of the glaze can be as high as possible, i.e. the viscosity is low [2]. As the components in a glaze with high
viscosity are unable to move easily, a uniform structure (crystallization) is not created and vitreous solidification occurs

[10]. The most convenient firing for the formation of crystal glazes is the oxidation firing [9, 11-12].

One of the most important factors for crystal glazes is the firing regime. Firing program not only determines the
structure, but also determines the quantity of crystals that are reformed [13]. While forming these types of glazes, the
temperature at which crystal cores (the smallest formation units) are created and at which the crystallization speed is the
highest must be determined [14]. The size and growth of crystals are belong to firing regime and holding at the crystal
growth temperature too much results in larger crystals [9]. Nucleating agents of crystalline glazes such as MnO, Fe;0s,
NiO, Co0O, CuO and Cr,03 can be classified as additives and these are strong colorants in ceramic glazes. Color is
produced by the absorption of particular wavelengths. The absorption spectra of transition metal ions and rare earth ions
dissolved in glassy matrix gives rise to the understanding of the structure. Besides the coloring property, these metal

oxides have an effect on crystal growth temperature. This temperature can change for each glaze according to the
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colorants because they may act as fluxes in glaze composition [13].

If the amount of certain oxides is sufficient in the glaze composition, crystallization occurs during cooling. The crystals
of each material have different shapes and different growth speeds. While crystals in the shape of stripes, which are
sometimes diagonal or which overlap each other, are formed with Zinc oxide (ZnO), crystals in the form of bunches that
shine under the sunlight are obtained with rutile (TiO;) [2,9,14-15]. In this study, the degree to which the metal oxides

added as colorants affect the hardness of the crystal glaze is examined.

Material and Method

In this study, a new crystal glaze composition is developed by taking the crystal glazes [16-17] obtained from previous
researches as the reference (Table 1). 100 grams of crystal glaze frits was weighed, loaded on the porcelain glaze mills
containing carboxymethylcellulose (CMC) and sodium tripolyphosphate (STPP) addition as well as alumina balls.
Then, the mixture is subjected to wet grinding for 50 minutes (Table 2). New recipes were developed by adding
different percentages of MnO, Fe;O3, NiO, CoO, CuO and Cr,03 metal oxides to this glaze, which is coded as R1.
Prepared glazes are applied on raw porcelain structures with the pouring method. Amount of metal oxides added to the
glaze compositions are given in Table 3 and firing regime for glazed porcelain structures are depicted in Table 4. Glazes
were characterized via PANALYTICAL-EMPYREAN model x-ray diffractometer (XRD) method with Cu Ko, radiation
and the scanning velocity of 2:/min. The microhardness of crystals formed was measured by the device model
DUROLINE-M of METKON. Hardness values were obtained for 15 seconds from different points of the crystal glaze
samples fired using Vickers hardness testing method by using a load of 1 kg. For each sample, the measurements are
obtained from the crystal and the area without crystals. Three measurements were obtained from each area and the

averages for these measurements were calculated.

Table 1. Composition ranges of the frit used in the studies
K20A|20365|02 Na,CO3 L|2CO3 CaMg(C03)2 CaCO3 Zn0O SlOZ T|02
20-25 4-6 1-3 1-3 3-12 20-25 3540 | 25

Table 2. Glaze composition (Wt%)

Material Weight (%)
95
5
50
Carboxymethylcellulose (CMC) 0.15
n tripolyphosphate (STPP) 0.25

Table 3. Amount of metal oxides added to the glaze compositions (wt%)
R1 R2 R3 R4 R5 R6 R7
- 3 wt% Cr,03 3 wt% CuO 3 wt% MnO 3 wt% Fe,03 3 wt% CoO 0.03 wt% NiO

34



Nevsehir Bilim ve Teknoloji Dergisi (2018), 7(1) 32-40

Table 4. Firing regime for glazed porcelain structures*

Glaze firing temperature . . . Crystal formation temperature Waiting period
Waiting period (min.)

(°C) (°C) (hour)

1295 5 1175 1

*Heating speed 3 °C/min and cooling speed 2 °C/min.

Results

Photos of the samples were taken after the firing and their surface properties were examined. Crystal glazes in different
colours and shapes were obtained after the firing of glazes prepared by adding metal oxide (Figure 1). Vickers hardness
values of the samples are shown in Table 5 and the comparison of the hardness values of glassy and crystal phases
schematically are depicted in Figure 2. When the hardness measurements results were examined, it was determined that
the glaze containing MnO metal oxide, coded R4, had the highest Vickers microhardness value. However, CuO is
decreased the hardness value of the glaze. Other recipes with a high hardness value are R7, R6, R5, R2, R1 and R3,

respectively. Accordance to XRD results, all of the glazes contain willemite crystals predominantly (Figure 3).

R1

Figure 1. Surface images of samples fired with glazes.

Table 5. Hardness values of the samples.

Recipes nglg rsl?;sp(hl\e/llslfa) Hard%g:t?llvl Pa)
R1 5070 6522
R2 5649 6894
R3 5247 5806
R4 6198 8630
R5 5816 7130
R6 5649 7336
R7 5335 8012
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Figure 2. Comparison of the hardness values of glassy and crystal phases.
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Figure 3. XRD patterns of the studied glazes.

Discussion and Conclusion

When the hardness values obtained from the glaze and crystal for each sample are examined, it is observed that the
crystal formation increases the hardness of the glaze. Glaze R1, to which no metal oxide was added has the lowest
hardness value. R 6 glaze which consist of 3 wt% CoO, exhibited a relatively high peak intensity of willemite crystal.
CoO is a strong colorant and gives shades of blue in glaze system [11]. Besides its powerfull colourant effect, CoO
increased the peak intensity of willemite crystals amongst the other colorant metal oxides in the studied glaze

compositions. A distinctive amount of zinc containing frit systems generally tend to form large macro crystalline zinc
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silicate (willemite) 2Zn0OSiO, [18-19]. Small crystals in the glaze structure give rise to whiteness and opacity, where as

willemite grow in a transparent, residual transparent, and amorphous phase with a nakedly visible macro size.

The chemical and mechanical conditions of the glass surface directly influence the nucleation. The growth process of
the willemite crystal is generally related to the firing procedure, chemical composition of the glaze, and the nucleating
agents. The crystal formation is provided by ZnO and SiO affects the growth process of the glassy phase crystals [20-
21]. Generally in glaze systems, nucleating agents may lead to homogeneous or heterogeneous crystal nucleation
according to amount and type of the agent. In some cases, these nucleating agents start the heterogeneous nucleation on
the surface of the glassy phase so the kinetics of crystal nucleation and growth are key factors [9]. In order to control the
willemite crystals, it is necessary to control the diffusion speed of silicon and zinc from the starting centre until the end
of the acicular willemite crystal in which it grows. In this way, the growth rate of the willemite crystals in the spherical
areas can be determined. It is necessary to conduct a special firing regime and apply a slow firing for zinc containing
frit based macro crystal glazes. This results from the fact that crystallization in such systems requires a slower process,

especially compared to other fast firing glazes [9,20,22].

To conclude, the metal oxide contribution into the glaze recipe increased the hardness values of the glazes generally.
Moreover, the Vickers hardness values of the willemite crystals depicted higher degrees with respect to the glassy
phases. MnO increased the hardness of the glaze much higher than Fe>O3, NiO, CoO, Cr,O3. However, it is observed
that the hardness value of crystals in the R3 glaze, which is prepared by adding CuO is lower compared to the hardness
of crystals in glaze colorant oxide free R1 and other glazes prepared by adding metal oxides (MnO, Fe,O3, NiO, CoO,
Cr;03).
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Genisletilmis Ozet

Girig: Firit esasl sirlar pisirim sonrasi seramik {iriine teknik ve estetik deger katan ince ve camsi yiizey kaplamalaridir.
Kristal sirlar 6zel bir 1sil islem ger¢evesinde camin kontrollii kristalizasyonu ile olusan en Onemli artistik sir
cesitlerinden biridir. Kristal sirlar cam fazi igerisinde veya yiizeyinde mikro veya makro kristaller ihtiva eden 6zel bir
sir grubudur. Baslangictaki sir bilesiminde kristallesmeyi saglayici elemanlar igeren sir, belirli ve 6zel bir pisirim rejimi
sayesinde olgunlastiktan sonra yavas yavas soguyarak kristallesir. Bekleme sicakligina ve siiresine bagli olarak olusan
kristaller ¢iplak gozel goriilebilir bir boyuta ulasabilir. Recete bilesimine ve kontrollii kristalizasyona bagli olarak bazen
Uriin ylizeyinde sadece bir kag tek kristal olabilecegi gibi tiim ylizey kristallerle de kaplanabilir. Kristal sirlar igin tercih
edilen altlik tercihen porselen biinyedir. Bu tarz sirlarin porselen karo kaplamasinda kullanimy, ilgili seramik endustrisi
icin alternatif bir segcenek olusturmaktadir ve bu sirlar nihai {iriinlerin gorsel kalitesini son derece etkilemektedir.
Porselen karo igin bir sir kompozisyonu tasarimi yapilirken; kimyasal kompozisyonun yani sira sertlik gibi mekaniksel
Ozellikler de 6nemli bir etken olmaktadir. Kristal sirlarda ¢ekirdeklestirici ajan olarak kullamlan MnO, Fe;O3, NiO,
Co0, CuO ve Cr,03 gibi renklendirici metal oksitler, nihai sirin renk 6zelliklerini belirlemenin yaninda akiskanlagtirici
ozellikleriyle sirin viskozitesini de degistirerek kontrollii kristalizasyondaki kristal biiyiime sicakligini etkilerler. Bu
aragtirmanin amaci, cekirdeklestirici ajan olarak kullanilan farkli metal oksitlerin yeni gelistirilen firit esaslt sir
kompozisyonlarinin kristalizasyon kapasitesine ve nihai {iriinlerin Vickers sertliklerine olan etkisinin arastirilmasidir.
Yéntem: Bu c¢alismada MnO, Fe,0s3, NiO, CoO, CuO ve Cr;03 gibi farkli ¢ekirdeklendirici ajanlar igeren firit esasl
kristal sirlar ham porselen biinyeler iizerine uygulandiktan sonra 6zel bir pisirim rejimine tabi tutulmuslardir. Sirlarin
mikro sertlik degerleri Vickers sertlik test yontemiyle o6lglilmiistiir. Kristal sir yilizeylerinin karakterizasyonu x-1§in1
kirinim1 (XRD) teknigi ile yapilmustir. Sonuglar ve Tartisma: Genel olarak sir bilesimine bagli olarak yiiksek oranda
¢inko oksit igeren sirlarda villemit (2Zn0.Si03) kristalizasyonu gergeklesmistir. Sirdan ve kristalden alinan sertlik
degerleri incelendiginde, kristal olusumunun sertligi arttirdig1 tespit edilmistir. Hi¢ bir metal oksit ilavesi yapilmayan
R 1 kodlu sirdaki cams faz, en diisiik sertlik degerine sahiptir. Sertlik dlglimlerine gére, MnO igeren R 4 kodlu sirdaki
kristalin en yiiksek Vickers mikrosertlik degerine (8630MPa) sahip oldugu belirlenmistir. Ancak, bakir oksit ilavesi
sirlardaki kristallerin sertligini diigiirmektedir. Agirlikga % 3 oraminda kobalt oksit (CoO) igeren R 6 sir1, diger metal
oksit iceren sirlara kiyasla goreceli olarak daha yiiksek pik siddetine sahip olan villemit kristali piki sergilemistir. Giiglii
renk verme kapasitesine sahip olan kobalt oksit mavi renkli kristal sir olusumuna sebep olmasinin yan sira villemit
olusumuna da katkida bulunmustur. Cam ylizeyinin kimyasal ve mekanik durumu g¢ekirdeklenmeyi dogrudan
etkilemektedir. Villemitin olusum prosesi genel olarak pisirim siirecine baglidir. Sir sistemlerinde, ¢ekirdeklestirici ajan

olarak kullanilan metal oksit ilaveleri ¢esidine ve miktarina bagli olarak homojen veya heterojen kristalizasyona yol
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acabilir. Baz1 durumlarda, c¢ekirdeklendirici ajan, camsi fazin yiizeyinde heterojen ¢ekirdeklenmeyi baslatabilir ve bu
nedenle, sir tiretiminde kristal ¢ekirdeklenme ve biylime kinetikleri oldukga 6nemli ve etkin parametrelerdir. Villemit
kristalizasyonunun kontrolii i¢in, silisyum ve ¢inkonun diflizyon hizlarinin baslangic merkezinden biiyiiyen ¢ubuksu
villemit kristallerinin sonuna kadar kontrol edilmesi énem arz etmektedir. Diger kristal sir ¢esitlerine kiyasla makro
kristalizasyon i¢in daha yavas bir prosese ihtiya¢ duyulmaktadir. Bu nedenle, 6zellikle hizli pisirimdeki sirlardan farkli
olarak daha 6zel bir sir bilesimine, g¢ekirdeklendirici ajan kontroliine ve pisirim rejimine gereksinim vardir. Sonug
olarak bu ¢aligmada, sir regetesine ilave edilen MnO, Fe;Os3, NiO, CoO ve Cr,03 gibi metal oksitler genel olarak sirin
sertligini artirmistir. Sertlik derecesindeki artig bu ¢ekirdeklendirici oksitlerin tiiriine gore degisiklik gdstermistir. MnO;
Fe,03, NiO, CoO, CuO ve Cr;03'¢ kiyasla sertlik degerini en yiiksek oranda artirmistir. CuO ilavesiyle hazirlanan R 3
sirinda ise kristalin sertlik degerinin, metal oksit igermeyen R 1 kodlu sir ve diger oksitleri i¢ceren (MnO, Fe,0s3, NiO,

CoO ve Cr;03) R 2, R4, R 6 ve R 7 kodlu sirlara kiyasla azaldig1 tespit edilmistir.
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