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Bu calismada, 6 farkl ( agirlikca %0, %2-10 baryum karbonat igeren) porselen karo 1210 °C sicaklikta pisirilerek iiretilmislerdir. Ikincil bir ergitici
olarak baryum karbonatin seramiklerin lineer kiigiilme, y1ginsal yogunluk ve su emme ozelliklerine etkileri incelenmistir. Seramiklerin mikroyapi ve
kimyasal analizleri, sirasiyla SEM ve XRD analizleri ile incelenmistir. Baryum karbonatin seramiklere agirlikga %2-6 ilavesi, porselen karolarda
istenilen su emme degerinin (sifir) etkilemedigi goriilmiistiir. Bununla birlikte, agirlikca% 8 ve agirlik¢a% 10 baryum karbonat ilave edildikten

sonra% 6.65'e kadar carpici bir sekilde arttigi bulunmustur.
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Effect of Barium Carbonate Addition on the Properties of Porcelain Ceramic Tile

Abstract

In this study, six different recipes (0%, 2-10 wt.% with barium carbonate) of porcelain tile were fabricated using the firing temperature of 1210 °C.
The effects of barium carbonate as a secondary flux material on the linear shrinkage, bulk density and water absorption properties of ceramics were
investigated. Microstructure and chemical analysis of ceramics were examined using SEM and XRD analysis instruments, respectively. Addition of
barium carbonate between 2-6 wt.% on the ceramics did not affect water absorption value (zero) which was recommended for porcelain tiles.

However this was found to dramatically increase up to 6.65% after addition of 8 wt.% and 10 wt.% barium carbonate.
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1. Introduction

Porcelain tiles are obtained via sintering the pressed green body at ~1200°C within a single fast-firing cycle
[1]. They are typically composed of the mixture of clay, kaoline and feldspar. Among the raw materials, feldspar acts as
a fluxing agent enhances glassy phase formation which promotes the mullite crystal growth and hence improves the
firing process through filling interconnected pores. Such fluxes give rise to a viscous liquid phase, which plays an
important role to obtain high densified ceramic bodies [2]. They improve the strength, toughness, and durability of the
ceramic body [1].

The subject of humerous studies in the literature is generally based on the use of alternative materials such as
clay materials [3], diopside [4], talc and albite as flux [5, 6] etc. to fabricate porcelain tile. However, the use of
alternative flux materials which enhance the strength of porcelain bodies, are limited.

This work presents the investigation that undertaken the potential use of barium carbonate as secondary flux
materials in porcelain tile. In this study, utilization of barium carbonate and the effects of their content on some
technological properties including water absorption, linear firing shrinkage, and microstructure have been studied.

Additionally, these properties are compared with an industrial porcelain ceramic tile.

2. Material and Methods

The chemical analysis of the starting raw materials used in this study is presented in Table 1. The loss on
ignition (L.O.I) indicates the relative proportion between plastic and non-plastic compounds in the clay and albite.

For this study, six different porcelain tile were prepared contaning different amount of barium carbonate as a
secondary flux which partially replace by feldspar. The raw material contents (wt.%) of six samples are shown in Table
2. For the base porcelain tile ceramics, kaolen and albite (soda feldspar) were used as the starting materials. Raw

materials were supplied from Kalemaden Company, Turkey. 0.2 wt.% sodium silicate was used as a deflocculant.

Table 1. The chemical analysis of raw materials (wt.%).

Raw SiO; Al,O; TIiO; Fe,O; CaO MgO Na,O K,0 L.O.I"
Materials

Clay 1 59.23 26.08 1.45 2.38 0.31 0.43 0.36 197 7.64
Clay 2 57.73 28.22 1.38 1.22 0.32 0.49 0.37 211 7.99
Kaolin 1 68.98 21.77 0.40 0.16 0.21 0.03 0.04 0.25 8.11
Kaolin 2 67.03 23.12 0.43 0.40 0.10 0.01 0.03 0.10 8.39
Albite 70.96 17.87 0.32 0.05 0.60 0.17 9.50 0.24 0.29

" loss on igniton

Table 2. Studied porcelain ceramics (weight basis).

Sample Clay Kaolen Feldspar BaCOs;
name (wt.%)
Base 23 27 50

B2 23 27 48 2

B4 23 27 46 4

B6 23 27 44 6

B8 23 27 42 8

B10 23 27 40 10

The raw materials were mixed for 20 min using a planetary ball mill (Gabbrielli™) with alumina balls. The

slurry was dried at 100°C in an oven until 6% of humidity. Powder mixtures were uniaxially pressed into cylindrical
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specimens with a dimension of ® 45mm x5 mm under a pressure of 44.8 kg/cm?. The specimens were dried at 70°C for
24 h and then fired at 1210°C for 2 h. Fired samples were used to determine the linear shrinkage, water absorption
(Archimedes’ water displacement method) and bulk density using determined by the Archimedes method using distilled
water as liquid media. The results presented are the average of those obtained for at least five samples.

The DSC/TGA (Leinseis™) analysis of powder mixtures were carried out under air at temperatures up to
1200°C with 10°C min™* heating rate. The type of crystalline phases of the fired samples were identified from XRD
patterns, using an X-ray diffractometer (a monochromatic Cu K, radiation), in the range of 26=15-65°. The

microstructure of the fired samples was examined by SEM (Zeiss Evo™).

3. Results

Linear shrinkage, water absorption and bulk density of fired samples are given in Table 3.

Table 3. Characterization results of the fired samples.

Sample Linear Water Bulk

name shrinkage absorp.  density

(%) (%) (g/cm?)
Base 6.93 0 2.43
B2 4.25 0 2.42
B4 561 0 2.34
B6 572 0 2.39
BS 3.86 3.4 2.26
B10 191 6.65 2.14

The linear shrinkage value of the samples containing 8 wt.% and 10 wt.% BaCOj3; significantly was reduced
compared with base porcelain tile ceramic. This result indicate that after 6 wt.% barium carbonate addition caused an
overfiring effect [7] in samples B8 and B10 since the barium carbonate are more powerful flux than feldpar. Note that
the linear shrinkage value of B2 sample is lower than B4 sample. This may be due to

Water absorption percentage of porcelain tile ceramics was measured as zero, which is desirable for porcelain
tiles, up to 6 wt.% barium carbonate addition after 8 wt.% barium carbonate addition water absorption (%) values
dramatically increases. This value reaches 6.65 % for 10 wt.% barium carbonate containing ceramic. This indicates that
addition of barium carbonate up to 6 wt.% is acceptable as flux material for production of porcelain tiles. While base
sample shows the highest bulk density value of 2.43 g/cm?®, the lowest bulk density value was obtained in B10 sample
containing 10 wt.% barium carbonate with maximum water absorption value. The density values of samples vary
between 2.14-2.43 g/cm®. Additionally, the appearant porosity was recorded %3 and %8 for samples B8 and B10
respectively. This contributes to increase in the water absorption after 8 wt.% BaCO3 addition.

Thermal behavior during the firing of ceramic mixtures containing different amount of barium carbonate was
examined by DSC to obtain useful information on the evoltion of solid-state reactions/or phase transitions of the
samples during firing process. Figure 1 gives DSC curves in a temperature range 20-1200 °C from ceramic mixtures in
an air. All DSC curves display two endothermic peaks at 104 °C and 560 °C and one exothermic peak at 1000°C. The
first endothermic peak corresponds to the water evaporation of the clay. The second peak corresponds to the kaolinite

decomposition. The exothermic peak at around 1000 °C is attributed to formation of mullite crystal phase, also

43



Nevsehir Bilim ve Teknoloji Dergisi (2018), 8(1) 41-48

observed in XRD analysis of fired ceramic (Figure 2). Additionally, a weak exothermic peak at around 810 °C in curves

of B8 and B10 is probably due to the decomposition of BaCOs3 [8].
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Figure 1. DSC curves of mixed ceramic powders.
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Fig. 2 gives the XRD patterns of base and B10 porcelain ceramic samples fired at 1210 °C. The main phases

are quartz (JCPDS card no. 5-490), mullite (JCPDS card no. 15-776) and glassy phase is also present in both base and

10 wt.% BaCOs3 containing samples. The rietveld results show that 28 % quartz, 17 % mullite, 53 % glassy phase were

formed in base ceramic material heated at 1210 °C. The background in the fired bodies XRD patterns is observed to be

quite high indicating the presence of glassy phase. Literature survey shows that mullite crystal phase and the residual

quartz are generally formed in clay bodies when the firing was performed at the temperatures above 1150 °C [9].
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Figure 2. XRD analysis of (a) base, (b) B10 porcelain sample.

Additionally, XRD analysis results show that celsian phase (monoclinic, JPDS card no. 281284) is formed in

B10 samples. Note that the XRD analysis of B8 is similar with the B10 therefore we only give the result for B10

sample. Furthermore, the peak intensities of mullite and quartz phase decreased in the XRD analysis of B10 sample

compared with the base one.
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Presence of mullite phase is also confirmed by SEM images (Figure 4) taken from polished and etched (with

HF) surface of fired ceramics.

Figure 3. SEM images of (a) base and (b) B6 ceramic samples.

Figure 3 shows microstructures of fired the base and B6 porcelain ceramics. Etching with 3% HF solution
revealed mostly scaly crystals of mullite and quartz particles in SEM image of base porcelain sample. However, the
morphology of mullite crystals are needle-like shaped (secondary mullite) in B6 sample. This indicates that the presence
of BaCO3z contributes the growth of mullite crystal due to its flux character. In addition, large quartz crystals
surrounded by mullite crystals were observed in Fig. 3 (a) and Fig. 3(b).

Figure 4 gives the high magnification SEM image of B10 sample. Different from Figure 3b, needle-like mullite
crystals were not observed in the microstructure of B10 sample. This revealed that both mullite (M) and quartz (Q)

phase are present together as dissolved phase in the glassy phase (Fig. 4).
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Figure 4. High magnification SEM micrograph of B10 sample.

45



Nevsehir Bilim ve Teknoloji Dergisi (2018), 8(1) 41-48

Figure 5. (a) SEM image of B10 ceramic sample (b) element distribution map showing the pixels indexed as Ba (red), Al (green), Si (blue)

and O (magenta), separated elemental distribution maps for Al (c), Si (d), Ba (e), O (f) and corresponding EDX analysis (g).

Energy-dispersive X-ray (EDX) spectroscopic maps provide useful information on the distribution of elements
within the overall microstructure. To observe Ba distribution in the sintered porcelain tiles, the B10 sample containing
10 wt.% barium carbonate has been examined, see Fig. 5. The full area of the SEM image depicted in Fig. 5(a) was
investigated for distributions of Al, Si, Ba and O, see Fig. 5(c-f), a superimposed phase distribution map is shown in
Fig. 5(b). Elemental EDX mapping data for Ba indicates that barium is uniformly distributed in ceramic structure. The
EDX spectra corresponding to the area in Fig. 5(a) are given in Fig. 5(g). Note that the signal about 2 keV belongs to

coating materials, Au.

4. Conclusion

In this study, the effect of the substitution of barium carbonate (2-10 wt.%) with feldspar in different amount
on the physical properties and microstructure of porcelain ceramics were investigated. According to the results, the
following conclusions can be drawn:

XRD analysis showed that quartz and mullite as major phases and a glassy phase was also present in porcelain
tile structure. Formation of a new barium aluminum silicate phase was observed in the XRD analysis of 8% and 10
wt.% BaCOs3 containing samples.

The linear shrinkage value of the samples containing different amount of barium carbonate decreased
compared with base porcelain tile. This significant effect was observed when the BaCO3; weight percentage was
reached 8 and 10 wt.%.

SEM images showed that (quartz + mullite) in glassy phase formation appears in B10 sample and low feldspar

content in B10 sample led to low firing shrinkage.
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In a general analysis, the experimental fired bodies presented similar characteristics, as well as similar

properties (up to 6 wt.% BaCOj3 addition) and microstructure to an industrial base ceramic fabricated in Kaleseramik

[Turkey. Hence the results shows that addition of barium carbonate between 2-6 wt.% to porcelain tile is acceptable as

secondary flux materials.
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Uzun Ozet

Giris

Porselen karolar, yaklasik 1200 °C sicakliklarda sekillendirilmis yas bilinyenin hizli pisirme yontemi ile elde edilen ve
seramik karolarla karsilastirlldiginda yiiksek mukavemet, diigiik su emme (< 0.5%), lekelenme ve donmaya karsi
direncli malzemelerdir. Yiiksek mukavemet, donma ve lekeye kars1 direngleri sebebiyle yaya trafiginin yogun oldugu
aligveris merkezleri, havaalanlar1 gibi yerlerde kullanilirlar. Seramik karolara gore daha ince ve saf kil, kaolen ve
feldispat malzemelerinin belirli kompozisyonlarda karistirilmasindan elde edilirler. Bu malzemeler arasinda feldispat,
pisirme prosesi sirasinda camsi faz olugumuna neden olur ve camsi faz mikroyapida bosluklar1 diisiik su emme
dolayistyla donmaya karsi direng Ozelliklerini arttirmaktadir. Literatlirde porselen binyelerde ergitici (flux) olarak
kullanilan feldispat yerine alternatif olarak, diopsit, talc, kil minerali gibi malzemeler kullanilarak g¢aligmalar
yapilmistir. Ancak alternatif ergitici malzemeler {izerine sinirli sayida calismalar mevcuttur. Bu calismada daha once
porselen binyelerde uygulanmamis olan yiiksek ergitici 6zelligine sahip baryum karbonat malzemesinin porselen
biinyelerin 6zelliklerine etkisi incelenmistir. Bu ¢alismada, agirlikga %2-10 araliginda baryum karbonat (BaCOs3)
seramik porselen karolara ikincil ergitici malzeme olarak ilave edilmis ve karolar 1210 °C sicaklikta pisirilerek
iiretilmislerdir. Farkli oranlarda ilave edilen baryum karbonatin seramiklerin lineer kiigiilme, yigmsal yogunluk ve su
emme, kimyasal ve mikroyap1 Ozelliklerine etkileri incelenmistir ve bu ozellikler endistriyel olarak Kale Seramik
biinyesinde tiretilen porselen karolarin 6zellikleri ile karsilagtirilmistir. Ayrica, porselen karo tozlari pisirme prosesi
Oncesi, pisirme siiresince goriilebilecek kati-hal reaksiyonlar1 ve/veya faz transformasyonlari termal (DSC) analizi ile
incelenmistir. Pisirme sonrasi porselen karolarm mikroyapt ve faz analizleri sirasiyla SEM ve XRD analizleri ile
incelenmistir.

Deneysel Calismalar

Bu ¢aligmada, porselen bunyelerde feldispat ile yer degistirecek sekilde ikincil ergitici malzemesi olarak agirlikga %0-
10 BaCOz3 ilavesi yapilmustir. standart porselen numuneler yaklasik olarak %50 feldispat, %23 kil ve %27 kaolen'den
olugmaktadir. Litre agirlig1 177 g/t olacak bilyali degirmen kullanilarak sekilde camur hazirlanmistir. Hazirlanan ¢amur
kurutulup nem (% 6) veriledikten sonra @ 45mm x5 mm boyutlarinda disk seklinde numuneler preslenerek elde
edilmistir. Kurutulmus c¢amurdan alinan tozlara pisme oOncesi termal analiz uygulanmig ve sinterleme esnasinda
olusabilecek reaksiyonlar tespit edilmistir. Numuneler ~1200 °C 'de pisirme iglemine tabi tutulmuslardir. Pismis
numunelerin lineer kiiciilme su emme, yigin yogunluk gibi fiziksel 6zellikleri standartlara uygun sekilde belirlenmistir.
Yogunluk degerleri her kompozisyon i¢in en az 3 farkli numune icin hassas terazi ve Arsimet yogunluk kitinden olusan
deney diizenegi kullanilarak hesaplanmistir. Numuneler, pisme islemi sonrasi kesilerek parlatilmistir ve ve %3 'lik HF
¢ozeltisi ile 2 dk boyunca daglanmistir. Mikroyap:t Ozellikleri taramali elektron mikroskobu (SEM, Zeiss Evo)
kullanilarak incelenmistir. X-1s1n1 kirmimui cihazi kullanilarak numunelerin pigsme sonrasi faz analizleri ve Rietveld
methodu ile olasi fazlarin miktarlari tespit edilmistir.

Sonuclar ve Tartisma

Pisirme esnasinda olusabilecek reaksiyonlar1 gézlemek amaciyla, seramik porselen tozlarin biitiin kompozisyonlari i¢in
20-1200 °C araliginda yapilan termal analiz (DSC) alinmigtir. DSC analizlerinde, kil minerali igerisindeki suyun
buharlagmasi ve kaolenin dekompozisyonu sirasiyla 104 °C ve 560 °C sicakliklarinda endotermik piklere ve mullit
kristalinin olugsmas1 da yaklasik 1000°C'de ise bir ekzotermik pikin goériilmesine neden olmustur. Ayrica %8 ve %10
BaCOs3 igeren numune tozlarindan alinan DSC analizlerinde yaklasik 810 °C'de baryum karbonatin bozunmasi sonucu
olustugu goriilmektedir. Pigsmis porselen numunelerin faz analizleri (XRD) sonucunda miillit, kuvars ve camsi fazlarin
ana fazlar oldugu ve ayrica %8 ve %10 BaCOz3 ilaveli numunelerde selsian fazinin da olustugu goriilmektedir. BaCO3
ilavesiz referans numunesinin 1210 °C'de pisirme sonucunda %28 kuvars, %17 miillit ve %53 camsi1 fazdan olustugu
Rietveld analizi sonucunda hesaplanmigtir. Numunelerin mikroyapi incelemelerinde, referans numunede (BaCOs
ilavesiz) gorulen millit kristalleri morfolojisi BaCO3 ilavesi ile ignemsi yapiya doniistiigii goriilmektedir. Baryum
karbonatin seramiklere agirlikga %2-6 ilavesi, porselen karolarda istenilen su emme degerinin (sifir) etkilemedigi
goriilmiistiir. Bununla birlikte, agirlikca% 8 ve agirlik¢a% 10 baryum karbonat ilave edildikten sonra% 6.65'e kadar
garpici bir sekilde arttign bulunmustur. Sonu¢ olarak Kaleseramik'de endustriyel olarak dretilen porselen seramik
karolarin dzelliklerine yakin dzellikler %2, %4 BaCOs ilaveli porselenlerde goriilmiistiir o nedenle agirlikga %6 'ya
kadar ikincil ergitici malzeme olarak BaCOj3 ilavesi yapilabilir.
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