
 

 

SERES’2018 Brings Ceramic People Together in Eskisehir 

With the assistance of Anadolu University, Turkish Ceramic Society (TSD) organizes SERES'18   

"IV. International Ceramic, Glass, Porcelain Enamel, Glaze and Pigment Congress" which aims 

to bring academicians, artists, designers in the fields of ceramic, glass, porcelain enamel, glaze, 

pigment and cement, and people of regarded industries together, supplying them suitable arena for 

sharing knowledge and experiences and for determining possible future collaborations with its wide 

range of coverage. SERES'18 will be held on the 10 - 12 October 2018 in Anadolu University, 

Yunusemre Campus Congress Centre and in Eskisehir Technical University, Iki Eylul Campus 

Eskişehir/Turkey. 

As you know, congresses are not only the activities anymore where scientists gather together and 

foster the recent advances in art, science and industry but they have also become the organizations 

where the culture and values of their location are appreciated. Accordingly, a rich social program waits 

for you so that you can enjoy the unique artistic and cultural features of Eskişehir. 

On behalf of the organizing committee, it is my pleasure for me to invite you to participate in this 

exciting meeting. 

I look forward to seeing you in October in Eskişehir. 

Best Regards, 

On behalf of Organising Committee 
Prof. Dr. Alpagut KARA (Chairman) 
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INVITED SPEAKERS 

CURRENT BATTERY TECHNOLOGIES FOR ELECTRIFICATION 

 

Muhsin MAZMAN 

MUTLU AKÜ SAN.ve TİC. A.Ş. Tepeören Mah. Eski Ankara Asfaltı Cad.  No:210 Tuzla 

İstanbul/TÜRKİYE 

ABSTRACT 

Key-words: Hybrid/Electric Vehicle, Battery, Li ion, Battery Market 

We are living in a revolutionary decade in automotive industry trough electrification. The future has 

been creating by this time.  Hybrid/Electric Vehicle technology holds much promise for reducing 

petroleum demand in transportation which is mandatory trough Europe legislations for CO2 emission 

reduction. This potential is highly dependent to the improvements on energy storage systems. This 

paper gives the market trends in electrification and battery technologies. Our target is to define the 

challenges in the market for researchers to work on it.    

1. INTRODUCTION 

Although electrical vehicle systems are one of the first research areas in automotive 

technology which discovered by Davenport in 1835, this technology was neglected after the 

commercial success of Ford Model T with serial production technics in affordable price. The electric 

car studies were in silence for decades and wake up again during petroleum crisis. This crisis has two 

pillars; the first is oil price and the second is environmental problems which caused by oil usage. The 

rate of fossil fuel combustion products (COX, NOX, SOX) begun to increase in atmosphere. 

Therefore, the EU countries announce new legislations for automotive to decrease these gases (Figure 

1). This legislation put target as 95 gr/km CO2 in 2020 for Europe. 

 

 

Figure 1. European Legislation Target for Automotive [1] 

 

The target (95 gr/km) is to reach an average CO2 emission which calculated by covers all the filo. 

Many countries who has activities in Europe followed this legislation by different targets to decreasing 

the CO2 in their countries and continue the business in Europe (Figure 2.). 
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Figure 2. The target of CO2 in different countries [2] 

 

In 2018, October, EU announced new targets by decreasing the target CO2 emission as 45% in 

2030 [3]. The target was 75 gr/km for 2030. It is changed as 45 gr/km for 2030.  

This target can‟t be realized without higher electrification in all the filo.   

 

 

2. GLOBAL AUTOMOTIVE MARKET  

 

Total automotive production was 97,3 Million on the world in 2017. The biggest 20 companies 

produced 83 Million (87 %) of the total production. 93% of the total production was produced in 20 

countries. China is the leader in manufacturing by 29.8 % of the world production. Turkey 

manufactured 1.695.731 vehicles in 2017. Turkish ranking is 14
th
 on the world and 6

th
 in Europe. This 

amount is 1,74% of the world production (Table 1)[4].  

 

On the other hand, at the same year (2017) 1.007.368 electric/hybrid vehicles produced on the world 

(Table 2)[4]. This is 1% of the World vehicle production. Although this is looking as small percentage 

in the total market, the electrified vehicles increase their market share in high rates. The growing rate 

of the electrified vehicles are around 50% at the last 5 years -between 2013 and 2017-. 5 years ego less 

than 500 000 cars were on the road and the last year this numbers pass the 3 million (Figure 3).  
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Table 1. World Automotive Production [4]   Table 2. Electric Vehicle Sales in 2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although global electric car stock is expanding rapidly, crossing the 3 million vehicle threshold in 

2017, this is still 0,21% of the total vehicles which is 1 billion 400 million on the world [5]. 

   

Pl WORLD YTD 

1 BYD 109.485 

2 BAIC 103.199 

3 Tesla 103.122 

4 BMW 97.057 

5 Chevrolet 54.308 

6 Nissan 51.962 

7 Toyota 50.883 

8 Roewe 44.661 

9 Volkswagen 43.115 

10 ZhiDou 42.484 

11 Renault 40.598 

12 Zotye 36.862 

13 Chery 36.444 

14 JMC 29.951 

15 Changan 29.822 

16 Mercedes 29.800 

17 JAC 28.659 

18 Mitsubishi 26.634 

19 Geely 24.866 

20 Hyundai 23.456 

  TOTAL 1.007.368 

Rank Country Cars
Commercial 

vehicles
Total

Total 73.456.531 23.846.003 97.302.534

1 China 24.806.687 4.208.747 29015434

2 USA 3.033.216 8.156.769 11189985

3 Japan 8.347.836 1.345.910 9693746

4 Germany 5.645.581 0 5645581

5 India 3.952.550 830.346 4782896

6 S. Korea 3.735.399 379.514 4114913

7 Mexico 1.900.029 2.168.386 4068415

8 Spain 2.291.492 556.843 2848335

9 Brazil 2.269.468 430.204 2699672

10 France 1.748.000 479 2227000

11 Canada 749.458 1.450.331 2199789

12 Thailand 818.44 1.170.383 1988823

13 UK 1.671.166 78.219 1749385

14 Turkey 1.142.906 552.825 1695731

15 Russia 1.348.029 203.264 1551293

16 Iran 1.418.550 96.846 1515396

17 Czech Rp. 1.413.881 6.112 1419993

18 Indonesia 982.356 234.259 1216615

19 Italy 742.642 399.568 1142210

20 Slovakia 1.001.520 0 1001520
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Figure 3. Evolution of the global electric car stock, 2013-17 [5] 

 

All the figures and the market forecast show that, the electrification is a fact on the near future. The 

electrification studies go on two ways; the first is electric/hybrid vehicles and the second is 

autonomous vehicles. Both branches are highly dependent to battery technologies to go further.  

 

 

3. BATTERY MARKET OVERVIEW 

 

Total battery market reach to 500 GWh/year in 2017. The Compound Annual Growth Rate (CAGR) 

is 26 % in li ion for the last 7 years. Even this impressive growing rate in li ion, the lead acid battery 

still dominated the market (Figure 4) [6]. 

The main player is lead acid in this capacity with roughly 400 GWh market penetration. The second 

and important player is li ion with more than 100 GWh market share. Lead acid battery is dominated 

the 80% of the capacity. 

 

Figure 4. The global battery market growth in MWh, 1990-2017 [6] 
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On the other hand, Lead acid still covers the 63% of the market by 47 Billion US $. But also, li ion 

reach to roughly 30 billion US $. The main applications are automotive, industrial and portable usage 

for the energy storage (Figure 5). 

 

 

Figure 5. The global battery market growth in US $, 1990-2017 [6] 

 

The lead acid can‟t supply the requirements in higher voltages. So above 48 V all the electrified 

systems need li ion battery. Lead acid battery will continue as a SLI battery in micro, mild, full hybrid 

and battery electric vehicles. But in higher voltages the main energy supplier will be the li ion. 

 

3.1. Li ion Cost Trend 

Bloomberg new energy finance reported that, the cost of li ion battery has been decreasing year by 

year. The cost was 162 $/kWh in 2017 for the Korean suppliers and their aim is 74 $/kWh in 2030 [7]. 

The low price can supply by giga factories which have higher volumes in production to decreasing the 

cost. Even though the estimations show low prices the market cost is higher than 150 $/kWh (Figure 

6).  

Also, this low price is under the government subsidy. On the other hand, the low price is increasing the 

production, this causing to higher raw materials demand. The higher demand is causing to increase the 

raw material cost. This paradox is creating press on the price.  
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Figure 6. Li-ion cell based cost trend forecast in US $, 2010-2030 [7] 

 

 3.2. Cell Production and Raw Materials 

The li ion cell production is mostly located in Far East (China, Korea and Japan). The market leader is 

China. On the other hand, most of the lithium mining is in South America. Bolivia has the highest 

lithium mine reserve on the world. But the highest production is in Chili. Also, Australia and 

Argentina are big player in lithium ore market(Figure7).  

    

 

 

 

 

 

 

 

 

Figure 7. Lithium ore production on the world [8] 

 

The lithium ore is base for the lithium ion batteries. But the active materials which produced from the 

ore are crucial on the technology. The batteries include anode, cathode, electrolyte and separator.  

Lithium ion batteries mostly includes Graphite as anode. But also, the composites with silisium and tin 

are under development for commercial applications. The Titanate also is using as high rating 

performance anode in lithium ion batteries. China is producing the 95% of the graphite on the world. 
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But Japan is still main supplier in battery grade graphite. On the other hand, also the electrolyte and 

cathode production mostly dominated by China (Figure 8).  

The cathode includes cobalt in LiNixMnyCozO2 composition. This is one of the most widely using 

chemical composition in lithium ion batteries. Cobalt is crucial for this technology and half of the 

cobalt is producing in Congo.  

 

Figure 8. Market share by countries for Li-ion cell sub material production [8] 

 

The parameter shows that all the supply chain (raw materials, cell production, market etc.) are in Far 

East. This make the far east is so competitive. 

Lithium ion cell production will be continuing to increase in far east at the near future because of their 

competitive position. Euro region (include Turkey), US and other part of the world will be focus on 

battery pack development and production. Also, beyond lithium ion technologies will be developed in 

these countries.  

 

3.3. Beyond Lithium Ion 

Though the li ion is the common technology in the market for electric and hybrid vehicles, the 

technology still has many difficulties in the market. The main problems of the EV which caused by the 

battery are distance, safety, fast charge, recycle and cost. The future studies have been focusing on 

solid state electrolyte batteries, metal-air and Li-S [9]. These technologies aren‟t ready for commercial 

application yet. But many researchers and companies are working on them to develop a commercial 

grade product. Alternative chemistries like li-S and li-air are mostly in laboratory scale and need more 

effort to pass the technological barriers.  

Li ion improvement studies have been focusing on solid state electrolyte. Solid state electrolyte battery 

is a li-ion battery. The main difference between the current li ion technology is the electrolyte. This 

one is special ceramic separator which is ionically conductive but electronically non-conductive. 
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Automotive companies have many programs to developing solid electrolyte for li ion batteries. 

Because the technology promises many advantages, like; thermal stability(safety), long life, low self-

discharge rate, high energy and power density, fast charge/discharge. Especially the safety and fast 

charge are the most challenging issues for the automotive companies. Although this impressive 

advantage the technology has many challenges which restrict this advantage. These challenges are; 

limited ionic conductivity of the electrode and electrolyte materials, limited electrical conductivity of 

the electrode materials, interface reactions and the resistance at the interface. Also, manufacturing 

methods for mass scale production is still a barrier for the technology.  

 

4. CONCLUSION  

 

The electric vehicle has small share (1%) in world yearly automotive production. But this technology 

is increasing the market share in double each year. The main challenges in the technology is the li ion 

battery. Because this technology has safety problems, low energy density (means low distance) and 

high cost. The studies are focusing on alternative chemistries and improvement of li-ion by using solid 

electrolyte. All the alternatives still in laboratory scale and needs more effort to be commercial. Even 

though, this challenges in li ion the technology is the main commercial solution in the market and most 

of the companies are developing solution with this technology.    

The main challenges are still distance, safety and cost in li-ion. Also, the fast charge capability is the 

other big barrier in front of the mass scale commercialization. Solid state batteries are the main 

focusing area to increase this capability.  

The beyond li-ion technologies like li-S and metal-air are in the laboratory scale. The expectations is 

showing that, the fuel cells also have potential as alternative in electrification. 
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ABSTRACT 

Boron nitride (BN) is a synthetic material that can be synthesized in different crystalline structures 

such as hexagonal or cubic. Based on crystalline structures, BN shows different physical and chemical 

properties. Balmain first synthesized BN in 1842; it took until the 1940s before it gained limited 

economic significance. Looking at past industrial trends, BN was not used till 1990s because of the 

high production cost. Hexagonal boron nitride (hBN) has been used in various industries more than the 

other polymorphs. Depending on its structural characteristics, hBN is a good solid lubricant that is 

chemically inert and is a very good electrical insulator with high thermal conductivity and good 

thermal shock resistance. This very versatile material has been utilized in a number of applications 

(metallization, the metal industry, space industry, cosmetics, the automotive industry, high- temperature 

furnaces, thermal management, etc.). Recently, hBN nanomaterials (nanoparticles, nanotubes, 

nanosheets etc.) has attracted attention due to its unique properties in nuclear technology, marine 

antifouling paint, biological and medical applications, biomarkers and biosensors technologies, and 

drug delivery systems, implant coating, oral care products as they have no toxic and cytotoxic effect on 

cells and are biocompatible. 

Keywords: Hexagonal boron nitride, Applications, Nanomaterials, Biocompatible 

 

HISTORY 

BN was first synthesized by heating boronoxide with NaCN by English chemist W.H.Balmain in 1842 

[1]. R. Wöhler characterized boron nitride which produced by the interaction of ammonia with 

trihalogenboron in 1850. The fundamentals studies of boron and nitrogen compounds have been carried 

out since 1935, but BN did not gain economic significance till 1940. In 1951, Pease defined the hBN 

structure. R.H.Wentorf synthesized cubic boron nitride (cBN) starting from hBN in 1957 at General 

Electric Research Laboratory and named it BOROZAN. Later US Carborundum and Union Carbide 

achieved to produce cBN at the industrial size and shaped it [2]. Due to high production cost, BN was 

not used for a long period and after the 1990s it has been utilized in many industries and applications. 

Through intensive research, hBN nanomaterials were developed as fullerenes/ nanocages and 

nanotubes in the 1990s, nanosheets and other morphologies, e.g. nanomeshes, nanoparticles, 

nanowires, nanoribbon, and nanoporous in the 2000s [3]. Qingsongite, the natural analog of cBN was 

discovered in the rocks rich in chromium in the southern Tibet at the Earth‟s upper continental crust in 

2009 [4]. 

The crystal structures observed in polymorphs of BN are cubic, wurtzite, hexagonal, and rhombohedral 

(Fig1). Other varieties of BN are amorphous BN (aBN) and turbostratic BN (tBN) with hexagonal basal 

planes stacked in a random sequence and randomly rotated about the c axis. In addition, theoretical 

calculations predict the existence of a rocksalt phase (rsBN) under very high pressures (>800 GPa) but 

the experimental demonstration is still lacking. Structural and physical properties of various BN 

polymorphs are given in Table 1 [5]. 
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Fig. 1. The crystal structures observed in polymorphs of BN [5]. 

 

 

 
 

 

APPLICATION 

Depending on its structural characteristics, hBN can be used as a lubricant, protective coating, 

insulator, cosmetic agent, paint additive, material for crucibles, electrically insulating and thermally 

conductive fillers, microwave- transparent shields, high-temperature bearings, etc [6]. Hexagonal boron 

nitride powder is a soft, white, lubricious powder with unique characteristic that makes it an attractive, 

performance-enhancing alternative to graphite, molybdenum disulfide and other inorganic solid 

lubricants. The coefficient of friction (COF) value of hBN is lower than graphite and MoS2 and it keeps 

this property up to 900C (Fig 2) [7]. BORONMAX oil additive was produced with hBN by utilizing its 

low COF value [8]. Tribological tests were conducted to determine COF and wear rate values of 

BORONMAX by O.N.Çelik. Samples were tested in dry condition and in oil. Friction and wear tests 

were performed using a CSM ball-on-disc tribometer. WC 6% Co balls with a diameter of 3mm were 

used as a counterpart. Discs made of AISI 4140 steel were austenitized at 860oC for 1 h, oil quenched, 

and subsequently, tempered at 300oC for 20 min. Surface profiles of discs were measured using a 

Mitutoyo SJ-400 profilometer (Mitutoyo Corp., Japan) before and after the wear tests. Wear-test 

settings were established in accordance with the DIN 50324 standard. Tests were conducted at 20oC 

and at a relative humidity of 32%. Wear tests were performed in a 50mL oil tank, and the substrate 

surface was flooded with lubricant at least 5mm above the sliding surface. The ball-on-disc sliding 
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speed was 2.5 cm/s, and the diameter of the wear track was 6 mm. The chosen normal load in all of the 

wear tests was 10 N. The calculated Hertzian contact stress was 2.93 GPa. The measurement results of 

the friction coefficient of engine oil and BORONMAX were 0.111 and 0.095 respectively (Fig. 3). The 

friction coefficient of BORONMAX was decreased by 14.4% with respect to engine oil. When the 

surface profiles of the samples in dry, oil and BORONMAX were examined, it was found that the 

smallest surface profile was formed by BORONMAX. The wear rate with BORONMAX was reduced 

by 60% compared to engine oil (Fig 4). 

 

Fig 2. COF values comparison [7]. 

 

Fig 3. COF values in different media. 

 

 

Fig 4. Wear profiles comparison. 
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The high chemical and thermal stability combined with the non-wetting property make hBN a useful 

crucible and structural material in metallurgical applications [9]. Because of its non-wetting properties 

on melted metals and glass, smooth metal surfaces are obtained with painting the dies with hBN [10]. It 

is used in various products in the metallurgy industry (crucibles, break rings for horizontal continuous 

castings, pipes, and nozzles for handling liquid metals, etc.) due to high-temperature refractoriness of 

hBN [11]. hBN is reported to function in cosmetics as a slip modifier, that enables other substances to 

flow more easily and smoothly, without reacting chemically. The data reported (2013) that boron 

nitride is used in 643 cosmetic formulations [12]. 

 

 

RECENT STUDIES 

Yaras et al. reported that hexagonal boron nitride nanosheets (BNNS) were prepared using methods 

include direct sonication (aq-BNNS) and sonication after pretreatment with Hummers method (Hum-

BNNS) in an aqueous medium. The aq-BNNS and Hum-BNNS were utilized to coat the surface of 

cellulosic tent fabric using an airbrush spray with 0.3mm nozzle at 3.0 atm of nitrogen pressure (Fig 5). 

As seen from Fig 6, the water contact angles (WCA)s were found to be 118.2o and 108.2o for fabrics 

coated with Hum-BNNS and coated with aq-BNNS, respectively, but cannot be measured for uncoated 

fabric due to instant penetration of the water through the fabric surface. The results showed that the 

hydrophobic surfaces were obtained by coating with BNNS, but the uncoated cellulosic fabric is 

hydrophilic [13]. 

 

 
 

Fig 5. SEM images of uncoated cellulosic fabric (a), Hum-BNNS coated fabric (b), and aq-BNNS 

coated fabric (c) [13]. 

 

Fig 6. The water contact angles of uncoated cellulosic fabric (a), aq-BNNS coated fabric (b), and Hum-

BNNS coated fabric (c) [13]. 

Fire-resistant wood coatings have been sought much research field. Liu et al. investigated the use of 

binder-free exfoliated hBN nanosheets in fire-resistant wood coatings. The average sizes of the hBN 

nanosheets are in the range of 50–300 nm. Fire-resistant property of the hBN nanosheet coatings was 

performed using a firelighter employing a wood substrate in which half of the portion is coated with 
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BN nanosheets. The fire-resistance experiment is depicted in Fig 7. Fig 7a shows the wood substrate in 

which white portion is coated with hBN nanosheets, exhibits an opaque white color, and can be easily 

differentiated with the uncoated portion that possesses the yellowish tint color of the pristine wood 

substrate. The experiment is carried out for the same time frame and the hBN coated portions endured 

the fire and remained intact after 60 seconds. Fig 7f shows the wood substrate after fire experiment 

was carried out for 1 min with (left) and without hBN nanosheet coating (right). It can be clearly seen 

that the hBN-coated portions of the wood substrate remained intact after exposing to fire. The 

anisotropic thermal conductivity and low thermal diffusivity and effusivity of hBN make it an 

excellent wood protection coating [14]. 

In Fischnaller et al‟s studies, the great potential of hBN, as a new SPE-material, on the enrichment, 

preconcentration, and desalting of a tryptic digest of model proteins is demonstrated. A special 

attention was dedicated to the efficient enrichment of hydrophilic phosphopeptides. Two elution 

protocols were developed for the enrichment of peptides compatible for subsequent MALDI-MS and 

ESI-MS analysis. In addition, the recoveries of 5 peptides and 3 phosphopeptides with a wide range of 

pI values utilizing hBN materials with different surface areas were investigated. It was found that 84–

106% recovery rate could be achieved using hBN materials. The results were compared with those 

obtained using graphite and silica C18 under the same elution conditions, and lower recoveries were 

obtained. In addition, hBN was found to have a capability of protein depletion, which is requisite for 

the peptide profiling [15]. 

Fischnaller et al‟s 2016 study describes the development of a fast, simple, efficient and validated 

dispersive SPE method utilizing hBN for the determination of BPA and its derivatives (BPF, BPZ, 

BADGE, and BADGE.2H2O). The developed method permits trace analysis of bisphenols without 

evaporation and reconstitution. The method showed good recovery rates ranging from 80% to 110% 

[16]. 

 

 

Fig 7. a–f) The fire-resistant property of BN-coated wood substrates. a) The coated and uncoated 

surface of the wood substrate. b,c) The carbonization of pristine uncoated wood substrate surface 

exposed to fire after 30 and 60 

s. d,e) The fire resistance of hBN nanosheet coating on exposure to fire following the same time. f) The 

aftermath of the fire-resistant experiments[14]. 
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Mercury (Hg2+) is a well-known contamination owing to its high toxicity at low concentration, as well 

as its bioaccumulative effect in human body. A T-rich ssDNA probe (P2) was designed for the 

detection of Hg2+. In the absence of Hg2+, P2 was adsorbed onto the BNNS and therefore the 

fluorescence was quenched. Upon the addition of Hg2+, an intramolecular double helical structure was 

formed via the strong affinity of T-Hg2+-T, which weakened the adsorption of P2 onto BNNS and 

thereby recovered the fluorescence. To evaluate the selectivity of this proposed biosensor, several metal 

cations such as Ba2+, Ca2+, Co2+, Mg2+, Cu2+, Ni2+, Pb2+, Mn2+, Zn2+, and Fe3+ (12.5-fold 

concentrations of Hg2+) were employed. The selectivity of the BNNS-based Hg2+ biosensor (the 

concentration of Hg2+ and all other ions is 4 μM and 50 mM, respectively). This strategy is versatile 

and quick fluorescence sensing of DNA and extensive DNA related analytes such as metal cations and 

small molecules and it might be available for the practical application in the future [17]. 

Dopamine (DA) is one of the most significant catecholamines, that is very important for brain 

functions. Extreme abnormalities of DA concentration levels may lead to symptoms of diseases such as 

Parkinson‟s, Alzheimer‟s, and schizophrenia. In this study, Polyimide (PI) and polyimide-boron nitride 

(PI-BN) composites as dopamine- selective membrane were synthesized. Dopamine selectivity 

behavior of prepared membranes was examined by differential pulse voltammetry (DPV). Using this 

process it was possible to obtain a good dopamine selective electrode with wide linear ranges, easy 

preparation, selectivity, reusability, and very high R-value. Based on these excellent characteristics, PI-

5%BN composite electrode provides a new strategy for the development of dopamine sensor [18]. 

Nitrite is widely present in the human environment and is the most common nitrogen-containing 

compound in nature. Because of its special nature, nitrite is widely used in industry and construction. 

Nitrite is also allowed in a limited amount in hair dyes and meat products. However, excessive intake 

of nitrite is harmful to humans and animals, because nitrite can interact with amines and undergo 

conversion into carcinogenic N-nitrosamines. The highly sensitive detection of nitrite requires 

expensive and complicated instrumentation, highly trained technicians, and time-consuming extraction 

steps. The developed electrochemical sensor for nitrite assays displayed superior analytical 

performance, such as good a selectivity, excellent reproducibility, a wide linear range (0.09 to 9853.45 

µM) and a low limit of detection (0.03 µM). The recovery experiment shows that the proposed method is 

promising for the determination and monitoring of nitrite in water and food samples [19]. 

 

The demand for fresh water and clean air will increase all over the world owing to population growth and 

industrial development. Li et al. investigated the activated BN with the high efficient absorption for 

numerous pollutants in water and air. The activated BN has been exhibited an excellent adsorption 

performance for metal ions and organic pollutant in water, as well as volatile organic species in air. The 

excellent reusability of activated BN has also been confirmed. All the features render the activated BN 

a promising material suitable for environmental remediation [20]. 

Rafiee et al. revealed that hBN concrete composite (including both gravel and cement) was tested for 

separation of bitumen crude oil mixture diluted with water. They used Canadian bitumen heavy crude oil 

diluted with naphtha (1:4) and mixed 100 mL of the mixture with 400 mL of water before applying the 

filtration. It was found that h- BN concrete composite effectively filters the crude oil from water and 

the filtered water becomes clear [21]. 

hBN/BNNS reinforced cementitious composites was produced and was tested for mechanical 

properties. The results showed that the BNNSs enhanced mechanical properties of Portland cement 

[22]. 

The coatings for prevention of biofouling that contaminate the environment due to the compounds in 

the formulation of paints was investigated. Copper-based paints have been the leader in the antifouling 

paint market. In recent decades, it has been clear that copper has negative environmental effects. It has 

been considered that copper is toxic for the marine organisms and harmful for some fishes. Some 

Baltic countries like Sweden and Denmark banned to use antifoulıng paint which includes copper 

oxide. The development of new generation copper-free paint that has antifouling properties for the 

sustainable environment solves this problem. The research is patent pending by European Patent Office 
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(EP3044266 A2) and Turkish Patent Institute (2013/10673). The research results promise better 

performance compared with seasonal or one-year life cycle paint [23,24]. 

Ciofani et al. investigated the interaction of BNNTs with the first living cells. Living cells are human 

neuroblastoma cell line (SH-SY5Y)s. These results showed a very good cell viability up to a 

concentration of 5.0 µg/ml of PEI coated BNNTs in the cell culture medium [25]. 

Lahiri et al propose boron nitride nanotube (BNNT) reinforced hydroxyapatite (HA) as a novel 

composite material for orthopedic implant applications. Osteoblast proliferation and cell viability show 

no adverse effect of BNNT addition. HA–BNNT composite is, thus, envisioned as a potential material 

for stronger orthopedic implants [26]. 

Human dermalfibroblasts (HDFs) and adenocarcinoma human alveolar basal epithelial cells (A549) 

internalized the modified and unmodified BNNTs, and BNNTs were found to not cause significant 

viability change and DNA damage. The results indicated that the unmodified BNNTs, h-BNNTs, and 

m-BNNTs had no negative effects on the viability of HDFs, whereas BNNTs and h-BNNTs were 

highly cytotoxic on A549 cells at high concentrations (100–200 μg/mL). BNNTs are multi-walled, 

randomly oriented, have an outer diameter of 10–30 nm and a wall thickness of 5 nm. The length of 

BNNT used in this study was not pointed out [27]. 

Rasel et al. shows, BNNP (100–250 nm) is assessed as a promising biomaterial for medical 

applications. The toxicity of BNNP was evaluated by assessing the cells behaviors both biologically 

(MTT assay, ROS detection etc.) and physically (atomic force microscopy). The TEM images showed 

that BNNP‟s are successfully internalized by the cells. A significant amount of nanoparticles were 

observed to be taken in by osteoblast cells. The effect of nanoparticle uptake on the mechanical 

stiffness of cells was also studied. It was observed that despite significant BNNP uptake, there was no 

change in the cell stiffness. This signifies cells still maintained their structural integrity [28]. 

Atila et al. investigated serum boron levels using ICP-MS after implantation of different ratios of nano-

hBN–HA composites in rat femurs. They demonstrated that neither short-term nor long-term 

implantation of hBN–HA composite resulted in statistically increased serum boron levels in 

experimental groups compared to the healthy group. The study showed that hBN–HA is a promising 

material as an implant [29]. 

Kıvanç et al investigated the effect of the antimicrobial and antibiofilm activities of hBN nanoparticles 

against Streptococcus mutans 3.3, Staphylococcus pasteuri M3, Candida sp. M25 and S. mutans ATTC 

25175. Minimum Inhibitory Concentration (MIC) of hBN nanoparticles were determined against 

Streptococcus mutans 3.3, Staphylococcus pasteuri M3, Candida sp. M25 growth. In addition, the 

cytotoxic effects of hBN nanoparticles on human normal skin fibroblast (CCD-1094Sk, ATCC® CRL 

2120 ™) and Madin Darby Canine Kidney (MDCK) cells by using various toxicological endpoints 

were evaluated. Surprisingly, hBN nanoparticles showed a high antibiofilm activity on preformed 

biofilm, which inhibited biofilm growth of S. mutans 3.3, S. mutans ATTC 25175 and Candida 

sp.M25. hBN nanoparticles inhibit bacterial growth and do not kill bacteria at used concentration. hBN 

nanoparticles show high antibiofilm activity on preformed biofilm, which inhibited biofilm growth of 

S. mutans 3.3, S. mutans ATTC 25175 and Candida sp.M25. These results show that hBN nanoparticles 

may be an option to control oral biofilms. In cell viability tests, the cells were exposed to 0.025–

0.4 mg/Ml concentrations of hBN nano particle suspension. The results indicate that there is no 

cytotoxic effect on CRL 2120 and MDCK cells at the concentration range of 0.025–0.1 mg/mL [30]. 

 

 

 

 

 

ACKNOWLEDGEMENT 

Authors would like to thank Dr. Osman Nuri ÇELİK for his help in tribology tests of Boron Nitride. 

21



 

 

References 

1. Rudolph S. Materials Review: Boron Nitride. American Ceramic Society Bulletin 2002;81:31–4. 

 

2. Wentorf RH. Cubic Form of Boron Nitride. The Journal of Chemical Physics 1957;26:956–956. 
 

3. Jiang X-F, Weng Q, Wang X-B, Li X, Zhang J, Golberg D, et al. Recent Progress on Fabrications and 
Applications of Boron Nitride Nanomaterials: A Review. Journal of Materials Science & Technology 
2015;31:589–98. 
 

4. Dobrzhinetskaya LF, Wirth R, Yang J, Green HW, Hutcheon ID, Weber PK, et al. Qingsongite, 
natural cubic boron nitride: The first boron mineral from the Earth’s mantle. American Mineralogist 
2014;99:764–72. 
 

5. Izyumskaya N, Demchenko DO, Das S, Özgür Ü, Avrutin V, Morkoç H. Recent Development of 
Boron Nitride towards Electronic Applications. Advanced Electronic Materials 2017;3:1600485. 
 

6. Jansen M. High Performance Non-Oxide Ceramics II. Berlin, Heidelberg: Springer-Verlag Berlin 
Heidelberg : Springer e-books; 2002. 
 

7. Idealube Boron Nitride Platalet Powders Product Datasheet [Internet]. [cited 2018 Oct 
6];Available from: https://www.bn.saint-gobain.com/sites/imdf.bn.com/files/idealube-bn- platelets-
powders-nsf-ds.pdf 
 

8. BORONMAX Bor Bileşikli Yağ Katkısı [Internet]. [cited 2018 Oct 6];Available from: 
http://boronmax.com/ 
 

9. Lipp A, Schwetz KA, Hunold K. Hexagonal boron nitride: Fabrication, properties and applications. 
Journal of the European Ceramic Society 1989;5:3–9. 
 

10. Ay N, Göncü Y. Ergimiş Alüminyumun BORTEK 11 Üzerindeki Islatma Davranışı. 2009. page 381–
6. 
 

11. Eichler J, Lesniak C. Boron nitride (BN) and BN composites for high-temperature applications. 
Journal of the European Ceramic Society 2008;28:1105–9. 
 

12. Fiume MM, Bergfeld WF, Belsito DV, Hill RA, Klaassen CD, Liebler DC, et al. Safety Assessment of 
Boron Nitride as Used in Cosmetics. Int. J. Toxicol. 2015;34:53S-60S. 
 

13. Yaras A, Er E, Çelikkan H, Disli A, Alicilar A. Cellulosic tent fabric coated with boron nitride 
nanosheets. Journal of Industrial Textiles 2016;45:1689–700. 
 

14. Liu J, Kutty RG, Zheng Q, Eswariah V, Sreejith S, Liu Z. Hexagonal Boron Nitride Nanosheets as 
High-Performance Binder-Free Fire-Resistant Wood Coatings. Small 2017;13:1602456. 
 

15. Fischnaller M, Köck R, Bakry R, Bonn GK. Enrichment and desalting of tryptic protein digests and 
the protein depletion using boron nitride. Anal. Chim. Acta 2014;823:40–50. 
 

16. Fischnaller M, Bakry R, Bonn GK. A simple method for the enrichment of bisphenols using boron 
nitride. Food Chem 2016;194:149–55. 

22

http://www.bn.saint-gobain.com/sites/imdf.bn.com/files/idealube-bn-
http://boronmax.com/


 

 

17. Zhan Y, Yan J, Wu M, Guo L, Lin Z, Qiu B, et al. Boron nitride nanosheets as a platform for 
fluorescence sensing. Talanta 2017;174:365–71. 

 
18. Aksoy B, Paşahan A, Güngör Ö, Köytepe S, Seçkin T. A novel electrochemical biosensor based on 

polyimide-boron nitride composite membranes. International Journal of Polymeric Materials and 
Polymeric Biomaterials 2017;66:203–12. 

 
19. Zhang Y, Xia Z, Li Q, Gui G, Zhao G, Luo S, et al. Copper/hexagonal Boron Nitride Nanosheet 

Composite as an Electrochemical Sensor for Nitrite Determination. International Journal of 
Electrochemical Science 2018;5995–6004. 

 

20. Li J, Xiao X, Xu X, Lin J, Huang Y, Xue Y, et al. Activated boron nitride as an effective adsorbent for 
metal ions and organic pollutants. Scientific Reports 2013;3:3208. 

 
21. Rafiee MA, Narayanan TN, Hashim DP, Sakhavand N, Shahsavari R, Vajtai R, et al. Hexagonal 

Boron Nitride and Graphite Oxide Reinforced Multifunctional Porous Cement Composites. 
Advanced Functional Materials 2013;23:5624–30. 

 

22. Wang W, Chen SJ, Basquiroto de Souza F, Wu B, Duan WH. Exfoliation and dispersion of boron 
nitride nanosheets to enhance ordinary Portland cement paste. Nanoscale 2018;10:1004– 14. 

 
23. Karabay ZA, Göncü Y, Fidan G, Ay N. THE EFFECT OF NANOMATERIALS IN ANTIFOULING PAINTS. 

In: 7th International Paint, Paint Raw Materials, Construction Chemicals, Adhesives and Raw 
Materials, Laboratory and Production Equipments Exhibition and Congress Proceeding Book. 
istanbul: 2018. 

 

24. KARABAY ZA, FİDAN G, KALAFATLAR H, Göncü Y, Ay N. Environmentally friendly new genetation 
copper-free antifouling paints. Industrial Paint, Powder Coating, Surface Treatment Chemicals, 
Paint applications and Coating Technologies 2017;28–38. 

 
25. Ciofani G, Raffa V, Menciassi A, Dario P. Preparation of boron nitride nanotubes aqueous 

dispersions for biological applications. J Nanosci Nanotechnol 2008;8:6223–31. 

 
26. Lahiri D, Singh V, Benaduce AP, Seal S, Kos L, Agarwal A. Boron nitride nanotube reinforced 

hydroxyapatite composite: Mechanical and tribological performance and in-vitro biocompatibility 
to osteoblasts. Journal of the Mechanical Behavior of Biomedical Materials 2011;4:44–56. 

 
27. Emanet M, Şen Ö, Çobandede Z, Çulha M. Interaction of carbohydrate modified boron nitride 

nanotubes with living cells. Colloids Surf B Biointerfaces 2015;134:440–6. 

 
28. Rasel MAI, Li T, Nguyen TD, Singh S, Zhou Y, Xiao Y, et al. Biophysical response of living cells to 

boron nitride nanoparticles: uptake mechanism and bio-mechanical characterization. J Nanopart 
Res 2015;17:441. 

 
29. Atila A, Halici Z, Cadirci E, Karakus E, Palabiyik SS, Ay N, et al. Study of the boron levels in serum 

after implantation of different ratios nano-hexagonal boron nitride-hydroxy apatite in rat femurs. 
Mater Sci Eng C Mater Biol Appl 2016;58:1082–9. 

 

30. Kıvanç M, Barutca B, Koparal AT, Göncü Y, Bostancı SH, Ay N. Effects of hexagonal boron nitride 
nanoparticles on antimicrobial and antibiofilm activities, cell viability. Materials Science and 
Engineering: C 2018;91:115–24. 

23



 

 

INVITED SPEAKERS 

 

PHOSPHORESCENT GLASS 

 

Ali Ozan Yanar, Hakan Arda, Bekir Karasu 

Eskişehir Technical University, Department of Materials Science and Engineering, 

Eskişehir/TÜRKİYE 

 

ABSTRACT 

Phosphorus is the light–emitting ability, sometimes after taking light from an anode source. In the 

scientific world, new materials characterized as phosphorescent with the resistance to heat, 

atmospheric effects and chemicals have recently been developed. Such a new generation has been 

extensively researched as long–lasting phosphors due to a growing market for rare earth–enriched 

alkaline earth silicates and aluminates used in glasses, ceramic glazes, resins, brick and tile coatings. 

In this study, detailed information was given about luminescence, phosphorescence, phosphors, their 

synthesis, preparation, properties and applications. Additionally, knowledge about phosphorescent 

glass are presented.  

Keywords: Phosphor, Phosphorescence, Pigment, Glass, Properties, Application. 

 

1. INTRODUCTION AND A BRIEF HISTORY OF PHOSPHORESCENT MATERIALS 

Before knowing what phosphorus was, it is better known that its glowing properties have been 

reported in ancient writings. The oldest known written observations were made in China, dating back 

to 1000 BC, regarding fireflies and glow–worms. In 1602, Vincenzo Casciarolo discovered the 

phosphor glowing "Bolognian Stones" just outside of Bologna that was the first scientific study on 

photoluminescence. 

Phosphorus was first isolated in 1669 by German physician Hennig Brand who was an alchemist 

attempting to change metals into gold when he isolated phosphor. To make a toy to glow in the dark, 

toymakers use phosphor energized by normal light and that has a very long glowing time. Zinc 

sulphide and strontium aluminate are among the two most commonly used phosphors [1]. 

The decent scientific researches on phosphors also have a long history going more than 100 years 

back. A prototype of ZnS–type phosphors, an important class of phosphors for television tubes, was 

first prepared by Théodore Sidot, a young French chemist, in 1866 rather accidentally. It seems that 

this was marked the beginning of scientific research and synthesis of phosphors. From the late 19
th
 

century to the early 20
th
 century, Lenard et al. in Germany performed active and extensive research on 

phosphors, and achieved impressive results. They prepared various kinds of phosphors based on 

alkaline earth chalcogenides (sulphides and selenides) and zinc sulphide, and investigated the 

luminescence properties [2]. 
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By the definition photo luminescent objects emitting visible light when light, visible or UV, is shined 

upon them. Two broad categories are phosphorescence (glow–in– the–dark) and fluorescence. Photo 

luminescent materials such as the phosphor coating found on fluorescent tubes, fluorescent minerals, 

and phosphorescent tooth brushes contain many solid atoms. As a result, these materials have valence 

and conduction energy bands that are separated by an energy gap. Photo luminescent solids also 

contain many impurity atoms which result in the formation of a band of energy levels found inside the 

energy gap of the solid material. As a brief review, the animation represents an energy band diagram 

for the phosphor coating found in a typical “white” fluorescent lamp that emits visible light [3]. 

The minerals are luminescence–enhanced products with improved results of interaction of foreign 

materials called activators; under various conditions. It returns the light it receives from daylight or 

from any lighting device. In some sectors, when it participates in production, it continues its function 

within the product.  

In Türkiye the production of phosphorescent pigments with different emission colours has been made 

at small scale by Fosfortek Co. which was originally established in 2011 as a university base research 

and development firm. Phosphorescence (or radiation) is the phenomenon of an excitation of an 

insulator (usually ultraviolet) [4]. This delayed light emission is a process in which charge carriers (e– 

or gaps) formed by excitation are trapped in certain fault zones and recurred by the decay of salinity 

[4–5]. Excitation is similar to fluorescence and phosphorescence radiation as it occurs by absorbing 

(absorbing) the photons [6]. Fluorescence is the phenomenon of visible light emission when a material 

is stimulated by an externally applied source. A fluorescent lamp, tube and cathode light tube (CLT) 

systems, which allow the electric current to start, each emit fluorescence light [7]. 

 

2. LUMINESCENCE AND ITS PROPERTIES 

Luminescence is an emission of light by a substance not resulting from heat; it is thus a form of cold–

body radiation. It can be caused by chemical reactions, electrical energy, subatomic motions or stress 

on a crystal, which all are ultimately caused by spontaneous emission. This distinguishes 

luminescence from incandescence, which is light emitted by a substance as a result of heating. 

Historically, radioactivity was thought as a form of "radio–luminescence", although it is today 

considered to be separated since it involves more than electromagnetic radiation [8–9]. 
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Figure 1. Luminol and Hemoglobin. Luminol glows in an alkali solution when added Hemoglobin and 

H2O2 [10]. 

 

3. WHAT IS THE PHOTOLUMINESCENCE? 

This is the emission of light induced by the light absorption. Two types of emissions are generally 

accepted: Fluorescence in the form of fluorescence at about one hundred nanoseconds; and 

phosphorescence, which lasts longer. 

Figure 2 shows the basic properties of the molecular photoluminescence as discussed by Turro (1991). 

The ground state is denoted by S0, the first excited singlet state, S1 and the first triplet state, the 

schematic potential energy curves for T1, the corresponding vibrational energy levels. Transitions 

between the states of the same spin multiphase are allowed and take place rapidly; Between different 

multisite situations are banned and usually appear relatively slowly. Absorption (ABS) fills the 

vibration levels at S1 and S2. In denser phases, they usually relax within several picoseconds until the 

lowest vibration level of S1 with vibrational relaxation (VR) and internal conversion (IC). At this 

point, the relative proportions of intersystem crossing (ISC), internal conversion (IC) and fluorescence 

(FL) determine fluorescence and triplet quantum yields. If the ISC comes to the scene, the vibrational 

relaxation will give the lowest level of vibration, usually at room temperature, from the inverse ISC to 

S0, or at low temperatures causing phosphorescence. 
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Figure 2. Processes in molecular photoluminescence [11]. 

 

Fig. 3 indicates the relative positions of the absorption and emission bands. It can be seen that 

degradation of the excitation energy leads to a Stokes shift, for instance, the fluorescence is emitted at 

lower energy than excitation and the fluorescence is performed at lower energy than the fluorescence. 

Reprocessing of S1 may cause T1 delayed thermal excitation (TE) or triple–tertiary annihilation, may 

give rise to weak but long–lived "delayed fluorescence". Organic photo luminescent materials are 

discussed by Krasovitskii and Bolotin (1988). 

 

Figure 3. Typical absorption and emission spectra [11]. 

 

4. PHOSPHOR PREPERATION 

The following methods are essentially the preparation procedures used by the writer W. Lehmann to 

make the phosphors described. Many points probably are trivial to the professional phosphor chemist 

but they are certainly not so to the novice or to anyone preparing phosphors only once in a while.  

Almost all good inorganic phosphors consist of a crystalline “host material” in which small amounts 

of certain impurities, the “activators” are dissolved. The activators are primarily responsible for the 
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luminescence. Other impurities, the “co–activators,” are necessary in some (not in all) cases to 

dissolve the activator impurities into the host crystal. Co–activators do not, or only to a very minor 

degree, participate in the luminescence process. Both activators and (if necessary) co–activators are 

diffused into the host crystal at elevated temperatures, during the sintering. Even the final host 

material frequently is formed only during the firing by solid–state reactions between several starting 

materials. The firing temperature often is little below the melting temperature of the host material. If 

that is impractical because of excessively high–melting temperatures of the host material, the 

crystallization is facilitated at lower temperatures by addition of a “flux” (frequently a halide) to the 

raw mix before firing [12]. 

 

4.1. Starting Materials  

Commercially available high–purity grade chemicals (e.g., analytical reagent grade, luminescent 

grade) are adequate to prepare most of the phosphors. Only sulphide–type phosphors are exceptions 

because they are sensitive to undesired impurities, sometimes down to the parts per million range. 

Sufficiently pure ZnS and CdS are available not to require additional purification for the preparation 

of ZnS–type phosphors. However, the chemicals needed to prepare CaS–type phosphors are not 

normally available in the required purity.  

The chemicals mentioned in the individual recipes are those that usually are the most readily available. 

They can frequently be exchanged with others. For instance, CaCO3 can frequently be replaced by 

CaO, CaO2, Ca(NO3)2, or Ca(OH)2. Similarly, MnCO3 can be replaced by MnO2, MnO, MnS, MnSO4, 

Mn(C2H3O2)2, and so on. What counts are only the necessary amounts of the particular chemical 

elements measured in moles, and that the used compounds decompose readily during the firing of the 

phosphor to provide the necessary building blocks to the final material [12]. 

 

4.2. Amounts 

The recipes were given in whole molar units to make them as clear as possible. Whenever such large 

amounts of phosphors are not needed or wanted, all amounts can be reduced by constant factors as 

long as the molar ratios between the individual components in the recipe are maintained. However, it 

is impractical to reduce the amounts to less than about 1 or 2 g of the final phosphor. The materials 

become poorly reproducible with such very small amounts.  

The weightings of the starting materials are not very critical. Phosphor properties vary relatively little 

only with a variation of the starting material ratios. Roughly, the amounts of the chemicals involved in 

the formation of the host materials need to be weighed only within ± 1 % of the mentioned 

proportions, sometimes even within still wider tolerances. The smaller amounts of the activating 

chemicals involved are even less critical. Variations of ± 10 % of the mentioned activator 

concentrations normally have little effect on the performance of the final phosphor [12]. 
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4.3. Mixing  

It is extremely important that the starting materials are mixed well before firing to ensure that a good 

phosphor is prepared successfully. Some of the best methods are; slurring, wet ball–milling, dry ball–

milling, mortaring respectively.  

 

4.4. Containers  

The best container material for the preparation of most phosphors is clear quartz (silica). Only some 

materials (the alkali elements, in particular) react too badly with quartz at firing temperatures and are 

better fired in other types of containers. Pure alumina serves fairly well in these cases.  

Phosphor raw mixes not containing volatile (at firing conditions) constituents are best fired in open 

boats so that the charge is fully exposed to the desired atmosphere surrounding the material. Raw 

mixes not containing volatile constituents (e.g., halides) are better fired in loosely covered containers 

permitting some contact with the surrounding atmosphere but still keeping at least some of the volatile 

part in the container. Capped silica tubes are widely used in the laboratory; they consist of two tubes 

each closed at one end and both loosely fitting into each other. Loosely covered crucibles are 

appropriate wherever alumina is the container material.  

 

 

 

Figure 4. Schematic illustration of different containers during phosphor firing [12]. 

 

All these containers are placed near the closed ends of bigger firing tubes made of silica. Some typical 

arrangements are exhibited in Fig. 4.  

 

4.5. Furnace 

Phosphor firing requires an electrically heated furnace permitting temperatures between about 500 ºC 

and at least 1200 ºC, better up to about 1400 ºC. Any desired temperature should be maintained during 

firing by means of an automatic temperature controller to within ± 20 ºC or better. A simple on–off 

control is acceptable [12]. 
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4.6. Firing Atmospheres 

The various phosphors are fired in different atmospheres depending on the materials and the desired 

reactions. Oxygen–dominated phosphors (oxides, silicates, phosphates, etc.) may be fired in oxidizing 

(air, O2), inert (N2, Ar), or reducing atmospheres (CO, forming gas, H2NH3). Sulfurization of sulphide 

phosphors may be achieved by firing either in H2S or in an inert gas loaded with CS2. Many of these 

gases are interchangeable. It makes no difference, for instance, whether a phosphor is fired in N2 or in 

Ar. Some arrangements used to handle the various gases in the firing tubes are given in Fig. 5, 

assuming the phosphor containers are both open boats. 

 

 

Figure 5. Presentation of different containers employed during phosphor firing [12]. 

 

4.7. Treatments after Firing 

Fired phosphors often (not always) are slightly sintered cakes that have to be powderized to obtain the 

desired fine powder. This powderizing usually is possible by gentle grinding or milling. All hard 

milling must be avoided because it is likely to damage the phosphor. Phosphors coming out the 

furnace as badly sintered lumps indicate that something is wrong; most likely the firing temperature 

was too high.  

Some phosphors require special washings after firing, usually to remove one or the other undesired 

residues (e.g., halides). Phosphors of recipes not mention here a washing is not needed.  

All phosphors should finally be screened to remove undesired big particles. A 200–mesh stainless 

steel sieve is adequate for most general purposes but some special applications may require finer 

screens. Some phosphors are free flowing and easily screened. Others tend to lump and are not 

screenable with any reasonable effort. Such materials can easily be made free flowing by addition of 

small amounts (roughly 1/10 % by weight) of some additives like very fine SiO2, Al2O3, Sb2O3, etc. 

Unfortunately, there is no general rule to pick the best additive; to find one remains up to the ingenuity 
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of the experimenter. Phosphors that stubbornly refuse to become free flowing with any additive can 

still be wet screened in a suspension in water, methanol, etc. However, this still requires subsequent 

drying, of course.  

All phosphors that are not immediately used up for some application should be stored in closed and 

labelled containers. Closed containers obviously are necessary for any phosphor that is not completely 

stable in room air, but they are a good practice also for all others. Remember that good phosphors are 

precious materials [12]. 

 

5. A SAMPLE OF PHOSPHATES USED IN PHOSPHOR PREPERATION 

Zn3(PO4)2: Mn
2+

 

5.1. Structure: Monoclinic 

5.2. Composition 

 

 

 

 

5.3. Preparation 

A thin slurry is made of ZnO + MnCO3 in water or methanol and stirring must be applied for 

uniformity as much as possible. Then, while stirring (slurry heats up) H3PO4 solution is slowly added. 

Ball-mill the slurry is ball-milled for about 1 hour, followed by drying in air and Powderized when 

drying is ended [14]. 

1. Firing in open quartz boats, air, ~500 ºC, 1 h followed by powderizing. 

2. Firing in open quartz boats, air, 900 ºC, 1 h, then powderizing. 

3. Firing in open quartz boats, air, 950 ºC, 2 h. 

 

5.4. Optical Properties 

Emission colour: Light red 

Emission peak: 1.94 eV 

Emission width (FWHM): 0.25 eV 

Excitation efficiency by UV: – (4.88 eV), – (3.40 eV) 

Excitation efficiency by e-beam: ~7–8 % 

Decay: Near–exponential decay, 30 msec to 1/10 
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5.5. Spectra  

 

 

Figure 6. Emission spectra of Zn3(PO4)2: Mn
2+

 [13]. 

Remarks:  

1. This is strictly a catholuminescent phosphor. It cannot be sensitized to respond to 4.88 or 3.40 eV 

UV. 

2. This phosphor has been used as the red component in early colour TV picture tubes [13]. 

In addition to these, Fig. 7(a) illustrates the emission spectrum and the excitation spectrum of the β–

Zn3(PO4)2: Mn
2+

 and β–Zn3(PO4)2: Mn
2+

, Pr
3+

. As stated in the figure, the emission peak at 620 nm is 

attributed to the 
4
T1g→

6
A1g transition of Mn

2+
 ions in octahedral coordination. The excitation spectrum 

monitored at 620 nm consists of several bands at 385, 411.96, 453 and 477 nm, ascribing to the 

transition from the ground state 6A1g to the excited states of 
4
T2g, (

4
Eg→

4
A1g), 

4
T2g and 

4
T1g energy 

levels, respectively [14]. One broad band dominates the wavelength range from 200 to 250 nm when 

monitored via the emission at 620 nm. It is assigned to the charge transfer state (CTS) of Mn
2+

–O
2–

 

[15] rather than the host absorption because the edge of the host absorption band for β–Zn3(PO4)2 is 

situated at 180 nm [16].  

Mn
2+

 ion can exhibit a broad emission band covering the colour from green to red owing to the d–d 

transition, with lower intensity derived from the 3d–3d forbidden transitions of Mn
2+

 [17]. Therefore, 

the emission of Mn
2+

 ion is generally excited by energy transfer from the sensitizer or the host [18]. As 

a promising sensitizer for Mn
2+

 ion, Pr
3+

 can be used to improve the emission intensity of Mn
2+

 in 

many hosts [19]. The emission spectrum of Zn3(PO4)2: Pr
3+

is displayed in Fig. 2(b). The emission 

spectrum monitored at 323 nm consists of several bands peaking at 441, 460 and 485 nm, and so on. 

The emission peaks of 441 and 460 nm are attributed to the 
1
I6→ 

3
H4 and 

3
PJ→

3
H4 transition of Pr

3+
 

4f
2
, respectively. The emission intensity of Pr

3+
 decreases with co–doping Mn

2+
 in samples while the 

emission intensity of Mn
2+

 increases with co–doping Pr
3+

. From Fig. 2(b), it was found that there is 

some overlap between the emission spectrum of the Zn3(PO4)2: Pr
3+

 and the excitation spectrum of the 

β–Zn3(PO4)2: Mn
2+

. The emission bands of 
1
I6→

3
H4 and 

3
PJ→

3
H4 (around 441 and 460 nm) transitions 

in Zn3(PO4)2: Pr
3+

 are close to the excitation bands corresponding to 
6
A1g→

4
T2g and 

6
A1g→

4
T1g (around 

450 and 470 nm) transition in β– Zn3(PO4)2: Mn
2+

. According to the Dexter‟s theory, the mechanism 

of energy transfer basically requires a spectral overlap between the donor emission and the acceptor 
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excitation [20]. Apparently, there exists the efficient energy transfer from Pr
3+

 to Mn
2+

 in these 

phosphors. Based on the emission intensity of Pr
3+ 

in only Pr
3+ 

doped and Pr
3+

, Mn
2+ 

co–doped samples 

shown in Fig. 7(b), the energy transfer efficiency from the sensitizer Pr
3+

to the activator Mn
2+

 was 

calculated as ηT of 0.06 using the following equation [21]: ηT=1–IS/IS0 , where ηTis the energy transfer 

efficiency and IS0 and IS are the luminescence intensity of a sensitizer in the absence and presence of 

an activator, respectively. 

 

 

 

Figure 7. Excitation and emission spectrum of β–Zn3(PO4)2: Mn
2+

 (black dotted curve) and β–

Zn3(PO4)2: Mn
2+

, Pr
3+

 (red solid curve) (a) and the excitation spectrum of β–Zn3(PO4)2: Mn
2+

 (black 

solid curve) and the emission spectrum of Zn3(PO4)2: Pr
3+

 (black dotted curve) and β–Zn3(PO4)2: Mn
2+

, 

Pr
3+

 (red solid curve) (b) [22]. 

6. WHAT ARE THE PHOSPHORESCENT PIGMENTS? 

Phosphorescence is a specific type of photoluminescence related to fluorescence. Materials which are 

phosphorescent do not immediately re–emit the radiation they absorb. The slower time scales of the 

re–emission are associated with forbidden energy state transition. After absorbing visible sun light and 

UV–A 365 nm light, it can glow for more than 12 hours in the dark. In general pigments with a bigger 

particle size have longer afterglow properties than the smaller ones. Therefore, pigments with a 

particle size of 1–2 mm (phosphorescent sands) can glow for more than 12–15 hours [23]. 

  

6.1. Synthesis and Experimental Studies of Bluish–Green and Yellowish–Green 

Phosphorescence Pigments 

 

Bluish–green and yellowish–green phosphorescent pigments were synthesized according to the 

flowchart given in Figure 8.  
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Figure 8. Flowchart for the generation of bluish-green and yellowish-green phosphorescent pigments 

[24]. 

 

In line with the recipes determined in the light of research in literature; first, mixed batches were 

prepared using SrCO3, CaCO3, BaCO3, H3AlO3, SiO2, Eu2O3, Dy2O3 and H3BO3 raw materials. To that 

end, firstly mole ratios of raw materials in the compound were calculated. Later, mole weights were 

addressed. Final quantities of each raw material to be used prior to wet pulverization were determined. 

Accordingly, the necessary raw material amounts for 20 gr powder mix were calculated. Tables 1–2 

give the mole intervals of raw materials used for each recipe. 

 

 

 

6.2. The Production and the Use of Bluish–Green and Yellowish–Green Phosphorescent 

Pigments in Wall Tile and Vetrosa Applications 

 

Many inorganic phosphors with superior properties consist of a crystalline “main material” containing 

minute amounts of specific impurities and soluble “activators” [4, 12]. Basically, activators are 

responsible for the formation of the luminescence mechanism. Other impurities, that is auxiliary 

activators, are in some cases necessary for releasing the activators contained in the main crystal. Both 

activators and when necessary, auxiliary activators are incorporated in the structure of the crystal at 

high temperatures during firing. Firing temperature is usually a little below the melting temperature of 

the material. However, if crystallization is difficult due to excessively high melting points of main 

crystal, crystallization may be facilitated by bringing down the melting temperature by addition of 

various solvents to the initial phosphor recipe [24]. 

ZnS: Cu has been known since with the beginning of 20
th
 century as a long–term green light emitting 

material; however, the glow it provides in applications and the continuity of such glow is limited. The 
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visible phosphorus effect cannot be maintained more than a few hours and the phosphorescent glow is 

lost easily. Therefore, to maintain glow, sometimes radioactive elements (e.g. 1147Pm 1H) are added 

to ZnS: Cu phosphorus based pigments allowing phosphorus to emit the energy emitted by the 

radioactive substance. However, the procedure of processing and disposal of radioactive elements is 

very difficult leading to many problems. Consequently, the use of such a pigments is also limited [25]. 

Phosphors in the strontium aluminates system activated with europium (Eu) and dysprosium (Dy) 

draw great interest due to many superior properties they own. When compared to the classical sulphur 

phosphors, they are superior because of their high radiation intensity, colour purity, long emission 

duration, chemical stability and because they are reliable and have no radiation [12, 26]. SrAl2O4, 

SrAl12O19, Sr2Al6O11and Sr4Al14O25 phases are four well known main crystals in the SrO–Al2O3 system 

[26].  

 

 

 

Figure 9. Phosphorescence mechanism proposed by Matsuzawa, et. al. for SrAl2O4: Eu
2+

system [12]. 

 

Different mechanisms have been proposed for auxiliary additive incorporated SrAl2O4: Eu
2+

 and Ca–Al2O4: 

Eu
2+

systems. One of these is the mechanisms developed by Matsuzawa, et. al. for the SrAl2O4: Eu
2+

system 

which relies on the photoconductivity function of powder samples in the SrAl2O4:Eu
2+

system. This 

phenomenon indicates that UV radiation leads to hole type photoconductivity, therefore indicating the 

existence of hole trapping (Fig. 9) [12]. 

 

7. PHOSPHORESCENT GLASS BEADS 

Phosphorescent glass beads have properties of phosphorescence and retro–reflectivity. 

7.1. Benefits 

 Phosphorescence property and retro–reflectivity provides high visibility.  

 Excellent waterproof property that other phosphorescent products do not have. 

 

7.2. Applications 

 Additives for special paints: High visibility, optical ornamental effect, paints for outside and water 

base paints for specific road marking or ornament 
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 Point decoration for ornament: Sparkling effect 

 Others 

 

 

Figure 10. Phosphorescent glass beads [27]. 

7.3. Large Glass Beads Specifications 

Phosphorescent glass beads consist of glass beads coated with phosphorescent pigments and 

transparent waterproof resin. Transparent waterproof resin completely covers low water resistant of 

phosphorescent pigments. This structure enables high waterproof property (Japanese Patent 

Application No.2008–05527). 

 

 

Figure 11.  Phosphorescent pigment on glass bead [27]. 

Table 3. Evaluation data of water resistivity and chemical resistivity [27] 

Water Resistivity Dipping Test No change after 4 months 

Chemical Resistivity 
Dipping 

Test 

95 % Ethyl alcohol No change for 2 days 

2 % NaOH No change for 2 days 

0.4 % HCl No change for 2 days 

 

7.4. Phosphorescence property 

Table 4. Phosphorescence properties from Luminova Technical Data (Nemoto & Co, Ltd.) [27] 
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Excitation Wave Length 200 − 450 nm 

Emission Wave Length 520 nm 

Afterglow Extinction＊1 ＞1,000 min. 

Excitation Time＊2 ～20min. 

Light Fastness＊3 ＞1,000 hours 

 

1. Time to decrease the afterglow to 0.32 mcd/m2 when excited with D65 light at 200 lux. 

2. Time required for saturation with D65 light at 200 lux. 

3. Time to drop the initial afterglow brightness by 20 % after irradiation with 300W high 

 

 

7.4.1. Evaluation data of phosphorescence property  

 

 Measurement of phosphorescent brightness（JIS Z9107)  

 Brightness measurement after 200 lux light emission for 20 minutes 

 

Table 5. Brightness meter (Topcon Co. BM–5A) Angle 2 degrees, Distance 1. Light source Colour 

testing D65 Fluorescent lamp (Toshiba Lightec) [27] 

 

Time 5 min. 10 min. 20 min. 30 min. 

Phosphorescent Glass 

Beads + Epoxy paint 
25.9 12.6 5.93 1.46 

Phosphorescent Glass 

Beads + Emulsio paint 
25.9 12.9 5.82 1.57 

 

7.5.  Retro–reflectivity 

 

 

Figure 12.  Phosphorescent glass beads have retro–reflectivity enabling high visibility and ornamental 

effect. Retro–reflection model of glass beads [27]. 
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Figure 13.  Retro–reflection model of glass beads using laser beam [27]. 

 

7.5.1. Evaluation data of retro–reflectivity measured by Mirolux7 

Table 6. Evaluation data of retro–reflectivity measured by Mirolux7 [27] 

 

Reflectivity unit mcd / (m2∙lx) 

Phosphorescent Glass Beads + Epoxy paint 162 

Phosphorescent Glass Beads + Emulsion paint 129 

 

7.6. Particle size  

 Appropriate size rage of glass beads product can be selected for phosphorescent pigments and 

transparent resin coating.   

 Minimum particle size range 0.4-0.6 mm 

 

8. PHOSPHOR IN GLASS (PIG) 

Reducing energy consumption and promoting low–carbon green growth has become a global problem, 

resulting in an increased attention to light–emitting diodes (LEDs) due to low power consumption and 

high efficiency, leading to a more economical usage of electrical energy. In the past, LEDs have been 

used as information display elements due to their rapid response and long life. Today, however, the 

employment of LEDs is expanding. They are now backlit and used as headlamps for LCD TVs and 

automobiles. Even the next generation of lighting products, fluorescent lamps and other products are 

expected to take its place.  

 

 

Figure 14. Schema of phosphor in glass [28]. 
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Glass capsules appear to be better candidates than epoxy resins or silicones, which are intact and have 

high thermal and chemical stability. Phosphor–glass (PIG) type capsular is produced by blending 

phosphorus and glass frit. There are requirements for this LED encapsular, a thermal expansion 

coefficient for glass and phosphorus and PIG cracks [28].  

 

8.1. Development of PIG System 

The light extraction efficiency in the LED package can be increased by matching the refractive index 

between phosphorus and encapsulant to the minimum reduction of the scattering effect. In addition, 

the light efficiency of LED packaging can be increased by optimizing the pore properties of the glass 

plate and the interface properties between glass and phosphor. 

 

 

 

Figure 15. Development of phosphor system in glass [28]. 

 

9. LONG–LASTING PHOSPHORESCENT GLASS 

 

 Long–lasting phosphorous glass stores light energy and continues to burn in the dark. 

 Store light energy with transparent glass. 

 The glass shines in more than a few hours. 

 A completely new type of luminescent material that applies rare earth, terbium. 

 

9.1. Mechanism of Long–Lasting Phosphorescent Glass 

Long phosphorescent glass interior, electrons move due to light energy. Electrons are temporarily 

stored, called trapping. If we go back gradually to the original position, we come to the result that we 

have in the long run. 
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Figure 16. Mechanism of long–lasting phosphorescent glass [29]. 

 

9.2. Necessary Light for Storing Lights 

 Sunlight 

 Fluorescent light (for general lights, black light, antiseptic lamp) 

 The light source contains ultraviolet rays 

Furthermore;  

 When temperature of long–lasting phosphorescent glass is high, luminescence gets dark. Thus, 

emitting times gets shorten. 

 When the glass stores light, it turns yellow. But, as it irradiates, the colour gets pale along with 

emitting. 

 

9.3. Green Long–Lasting Phosphorescent Glass 

 

 

Figure 17. Irradiation and transmittance spectrums of green long–lasting phosphorescent glass [29]. 
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9.4. Red Long–Lasting Phosphorescent Glass 

 

 

 

Figure 18. Irradiation and transmittance spectrums of red long–lasting phosphorescent glass [29]. 

 

10. PHOSPHORESCENCE PIGMENT APPLICATIONS IN GLASSES 

Phosphorescent pigments can be used in traffic safety signs, traffic control gloves, vehicle reflection 

plates, reflection flags, highway signs, tires, shoes, raincoats, telephone keypads, watches, stairwells, 

emergency exit signs, fire extinguisher tube surfaces, toys, etc. They find their application area in 

ceramic and glass applications [5]. 

In recent years, strontium aluminate servers such as Sr4Al14O25: Eu
2+

, Dy
3+

 and SrAl2O4: Eu
2+

, Dy
3+

 

have been extensively studied due to their advantages such as high quantum efficiency, long term 

phosphorescence and high stability [30–81]. 

  

Figure 19. Glass object with bluish–green pigment–epoxy resin mixture [42, 44, 47, 57]. 
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Figure 20. Rose figure with yellowish–green phosphorescence pigment–epoxy resin mixture [42, 44, 

47, 57]. 

  

 

Figure 21. Glass object with bluish–green phosphorescence pigment–epoxy resin mixture [42, 44, 47, 

57]. 

  

 

Figure 22. Glass object with yellowish–green phosphorescence pigment–epoxy resin mixture [42, 44, 

47, 57]. 
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Figure 23. Glass object with yellowish–green phosphorescence pigment–epoxy resin mixture [42, 44, 

47, 57]. 

 

  

 

Figure 24. Glass objects into which yellowish–green pigments were applied [42, 44, 47, 57]. 

 

Figure 25. Glass objects into which yellowish–green pigments were applied [42, 44, 47, 57]. 

 

The application of the phosphorescence pigment–resin mixture on glass objects and flat glass was 

carried out after a certain period of time (~ 10 min) in order to reduce the fluidity of the mixture. 

Particularly when working on objects with vertical surfaces, the resin must have gained some rigidity 
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to cover the surface without flowing through the glass surface. Applications were performed by direct 

spill (Figs. 19–23). Figs. 24–25 illustrate some applications of phosphorescent pigment in and on art 

glasses [42, 44, 47, 57]. 

   

             

 

Figure 26. Flat glass with yellowish–green phosphorescence pigment–epoxy resin mixture and decor 

application [42, 44, 47, 57]. 

In the decoration works performed on the flat glass, the sandblasting tape (adhesive foil) was cut first 

and the desired pattern was formed. Then, the sandblasting tapes with single–sided adhesion property 

are glued onto the flat glass, and the regions forming the pattern are exposed so that the desired surface 

can be obtained by abrading the glass surface by sanding. After the sanding, the reduced regions were 

filled with a mixture of phosphorus–based pigment–epoxy resin and left at room temperature for 

hardening. After the mixture is completely frozen, decorative and functional glasses with glare 

characteristics are obtained by lifting the band on the glass (Fig. 26). When decorations were applied 

on glass objects with a mixture of phosphorescent pigment and epoxy resin, which has a luminous 

property in the dark, rich visual effects were obtained by the transparent property of the glass [42, 44, 

47, 57]. 

Violet–blue color emitting long–lasting phosphorescent pigments in the CaAl2O4:Eu
2+

, Dy
3+

, Nd
3+

 

systems and yellowish-green giving long–lasting phosphorescent pigments in the SrAl2O4:Eu
2+

, Dy
3+

, 

Y
3+

 system have been successfully synthesized and produced. In the CaAl2O4:Eu
2+

, Dy
3+

, Nd
3+

 systems 

the trivalent rare–earth ion, Dy
3+

co–doping would effectively enhance the persistent luminescence 

intensity considering the phosphor with Nd
3+ 

ions. By using violet–blue and yellowish–green 

luminescence given phosphorescent pigments an artistic three layered glass fountain with an attractive 

appearance and some other nice looking objects were successfully achieved (Fig. 27) [48, 51]. 
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Figure 27. Glass fountain with phosphorescent decoration undergone fusion process in an electrically 

heated furnace and its appearances in the dark [48, 51]. 
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Famous traveller Evliya Çelebi mentioned Çini in his book "Seyahatname", reporting about 

the beauty and unicity of the Çini articles manufactured by local Kütahya artists in 17th century. 

Historically the ceramic manufacturers have been producing work in Kütahya since the Phrygian 

period and continued with çini-ceramic works made with red paste material in the last half of the 14th 

century. In the late half of the 16th century, Iznik çini art reached its brightest period. In the years after 

however, İznik manufacturers were severely damaged since they lost the support of the palace and the 

production of Çini almost ceased to stand.  

 

Initially, Kütahya çinis were produced to meet the needs of the local people and with a more 

modest quality level compared to the Iznik çinis that were produced. As a result of this situation, the 

designs of the motifs were arranged and formed with more density. The Çini products were filled with 

dense motifs and patterns to hide the mistakes and dull background color. In this way; they aimed to 

mask the quality deficiencies that occur in the çini bisques, the glazes and the colors with intensive 

pattern designs. The need for intensive pattern designs is one of the most basic features that reflect the 

characteristic structure of Kütahya çinis. The solution, which emerged as a necessity, was to enrich the 

motif and pattern designs and increase the aesthetic qualities.  

 

One of the most important problems that the çini producers are facing is; the motifs and 

designs that directly affect the sale of Çinis are not rich and sufficient in quality and quantity. 

Therefore, the production of Çinis that are decorated with similar motifs and designs threaten the 

domestic and foreign markets. Re-interpretation of Çini motifs and patterns went from a contemporary 

perspective without straying away from the original; it is important to save the Kütahya Çini art which 

has been going on for hundreds of years from repetition and copies, and to determine a new route in its 

original line. For these reasons, there is a need for real artists who have internalized the characteristics 

of Kütahya Çini art.  
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Turkish Çini Art 

 

Çini is a kind of ornamentation art, mostly a mixture of architectural ornaments, daily use items or 

objects for decoration purposes. They are shaped objects from mud which is usually kaolin, quartz, 

clay and feldspar mixed with a certain amount of water. These products are fired in high-grade ovens, 

also called bisque firing. Then the patterns prepared by traditional methods are applied with the help 

of a brush on the bisques with some raw materials and colorized oxides. In order to protect these 

designs and make the surface smoother, the diluted raw material mixtures are ground in much finer 

grain sizes and then applied on the first fired decorative body. After, they are fired for the second time. 

This firing is also called glaze firing. The patterns between the bisque and the glaze can be preserved 

for hundreds of years. 

 

It is acknowledged by the art history specialists that Çini is an art unique to the Turks. Turks first 

manufactured Çini in Central Asia. The oven residues and çini fragments that were found in 

excavations in Kashan, Turfan, Aşkar and Koça areas in Central Asian territories indicated that there 

was such type of pottery art which the Turks consider as traditional artifacts from before the 8th 

century. The city of Kashan in Central Asia, which is thought to be the Çini production center of the 

period, created the "Kaşi" used in the architecture until the 18th century and the other used products 

(such as plates, vases, bowls, etc.) were named "Evani", standing for pots and pans. 

 

The fact that the word „çin‟ means the word „China‟ in Turkish, was changed by the Ottomans to 

„Çini‟, adding an „i‟ just to separate the differences in the pottery manufactured by each country‟s 

potters. Yet, due to the good reputation of the porcelain imported from China starting from the 18th 

century, the word Çini was preferred instead of Kaşi for commercial reasons. Çini was first properly 

used in Turkish literature and scriptures in 1958 by Prof. Dr. Hakkı İzzet. 

 

Çini art was moved to Anatolia by the Seljuks and reached its peak in the centers of Bursa, Istanbul, 

İznik and Kütahya during the Ottoman period. In the following periods, Kütahya became one of the 

two most important çini centers in Anatolia together with Iznik. Since the manufacturers of Iznik were 

under the protection of the Ottoman Palace, they had the highest level of possibilities both in the 

bisque firing and design of the çini. 

 

Decoration in Çini Art 

 

As a general acceptance; all products obtained by kneading and shaping of non-organic raw materials 

with water in certain proportions are called ceramics. When evaluated in this aspect, the Çini is 

actually a kind of ceramic. However, the distinctive feature of Çini products is the decorations made 
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under the glaze with brush. Decor; it can also be considered as an in other wordsof the pattern integrity 

created with unit motifs. These decors can be preserved for hundreds of years by being confined 

between the structure and the glaze (Fig. 1). From the moment it was made, it is the main reason why 

Çini is considered as a branch of art as it is able to carry its social values, social-cultural structure, 

beliefs and aesthetic perspective beyond centuries. 

 

 

Figure 1. Çini plate decorations by çini artist Hamza Üstünkaya  

(Photographer: Gökhan AKCA, 07 August 2017, Kütahya/ Turkey) 

 

Turkish society is a society that has managed to maintain its existence in different states and different 

flags in almost every stage of human history. The continuity in history has brought with it the 

opportunity to establish a rich culture and civilization. Since the first finds of the Pazırık Kurgan, the 

Turks have depicted scenes, beliefs, social value judgments and imaginary worlds reflecting their daily 

lives by symbolizing the beauty perception of their periods and produced different works of art 

throughout the history. 

 

It was the material culture data of the Turks, which documented the historical past of Turkish societies 

dating back centuries. The earliest of these finds are mine, stone and ceramic-çini. The inscriptions, 

miniatures, embroideries, pieces of cloth, Çinis, which are in the center of the Uighurs called 

Karahoço, are among the important examples of Turkish culture and art [1]. 

 

54



 

 

Although the first information in the historical sources of the Turks is found in Chinese and Arabian 

sources, the oldest artifacts found to have belonged to the Turks date back to 2500-3000 BC. These 

artifacts include stone, metal, ceramics, Çini, pieces of fabric, rock paintings, sculptures, as well as 

numerous artifacts made by the Turkish states that have managed to survive without interruption 

throughout history (Fig. 2, 3 and 4). 

 

Figure 2. Man in Golden Dress (B.C. 5th century Saka Turks, found in Kazakhstan's Esik Kurgan) 

References: https://insanveevren.wordpress.com Date of access: 28 September 2018 

 

Figure 3. Tomb of Hodja Ahmet Yesevi  

(It was built by Timur in Turkestan between 1389 and 1405) 

(Photographer: Gökhan AKCA, 10 October 2017, Türkistan/Kazakistan) 
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Figure 4. The Gök Mescid / Çini Door 

(It was built in Tabriz in 870 (1465-66) by Cihan Shah, the ruler of Karakoyunlu) 

References:: https://www.tasnimnews.com Date of access: 28 September 2018. 

Turks, who generally have a nomadic lifestyle, used the figures of human figures in the decoration of 

works of art, the wild animals and natural phenomena they frequently encountered in their daily lives, 

especially in the death and burial ceremonies (Fig. 5). On the other hand, after the acceptance of Islam 

by the Turks, the use of the human figure, which was frequently seen in Turkish artworks, left the 

place of Islamic art in herbal and geometric motifs and patterns. As it is understood from this point, 

similar processes in other societies, such as life style, beliefs and aesthetic perception of Turkish 

society, are the determinants of the design of motifs and patterns which are the main elements of the 

works of Turkish societies. 
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Figure 5. Uighur Period, Sculpture and Wall Freski Samples 

References: https://tarihvearkeoloji.blogspot.com, Date of access: 25 October 2018 

 

Although the art of Turkish art has spread to a very wide area from its birth to the present, it has 

largely preserved its cultural and artistic characteristics [2]. In their journey from Central Asia to 

Anatolia, the Turks carried along with the elements of the cultures and civilizations of the other 

nations in the Central Asian basin, as well as their accumulations, which were synthesized by the 

effects of Islam. Without losing its national identity, Turks, who bring together the values they have 

received from different cultures and their social characteristics in harmonious designs, have a rich 

cultural heritage in this sense. 

 

For thousands of years, Turkish culture has succeeded in expressing its emotions, thoughts, beliefs, 

tastes and desires with an aesthetic perception on a universal level. The most basic issues that 

determine the design of motifs and patterns are the social moral rules, lifestyle, tastes, desires and 

wishes that the designer has affected as a result of cultural accumulation. The starting point of these 

designs is sometimes natural phenomena such as natural phenomena, animals, flowers, trees and other 

plants, and sometimes they are the geometric lines used as the means of expression of abstract 

concepts. However, the designs of the motifs and patterns designed by the Turks are in any case 

equipped with a meaning load (Fig. 6, 7 and 8). 
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Figure 6. Tree of Life Motif  

(Represents the bond connecting the life of the worldly and the hereafter) 

References: Çini Artist Hamza Üstünkaya, 08 November 2010, Kütahya/Turkey 

 

 

Figure 7. Tulip Motif 

(Tulip Motif represents the unity of God in İslamic mystical thought) 

References: Çini Artist Hamza Üstünkaya, 07 February 2013, Kütahya/Turkey 
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Figure 8. Carnation Motif  

(Carnation Motif represents spring, nature awakening, renewal.) 

References: Çini Artist Hamza Üstünkaya, 19 July 2009, Kütahya/Turkey 

 

 

Traditional Kütahya Ware (Also Known as Çini) 

 

Çini is the symbol of Kütahya and at the same time introduces to the whole world an important art 

branch as well as the livelihood of Kütahya. The ceramic manufacturers have been producing work in 

Kütahya since the Phrygian period and continued with Çini-ceramic works made with red paste 

material in the last half of the 14th century. The motifs and colors of the Çini in Kütahya made during 

this period were similar to the Iznik çini. In these first examples, cobalt blue, manganese purple, 

turquoise and black colors were mainly used. The colors that were used had darker tones than the ones 

used in the Iznik works yet the features were similar to the Anatolian Seljuk Çini ornaments. The 

transition from red Çini and ceramics to blue-white manufacturing began in Kütahya at the same time 

as İznik in the middle of 15th century. Instead of red bisque, a new style was created with white, hard 

bisque bearing porcelain-like blue-white Çini and ceramics. 

 

In the late half of the 16th century, Iznik Çini art reached its brightest period, with work that was 

developed with vivid and radiant colors. When the characteristic features of Iznik çini art are 

examined, one can see that the quality structure of the work, which is called “Sclera” (white part of the 

eye), give off a more homogeneous and clear white background. With this technique, the motifs and 

patterns have a much more striking and brighter appearance. With this in mind, to show the quality of 

the white background, the motifs and patterns were made with more plainness. In the years after 
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however, Iznik manufacturers were severely damaged after the loss of support from the Palace (at the 

end of WW1) and the production of Çini almost ceased to stand. 

 

Evliya Çelebi, who is a famous traveller from Kütahya, mentioned Çini in his book "Seyahatname", 

reporting about the beauty and unicity of the Çini products manufactured by local Kütahya artists in 

17th century. In the 18th century when the art of Iznik was completely lost, Kütahya ateliers gained 

momentum with the withdrawal of Iznik and developed a brand new style of art as a result of free 

brush use and more modern approaches [3]. 

 

Since Kütahya Çini manufacturers did not receive great support as the Iznik did in any period of 

history, the manufacturers in this region followed a more humble line. Initially, Kütahya Çinis were 

produced to meet the needs of the local people and with a more modest quality level compared to the 

Iznik Çinis that were produced. As a result of this situation, the motif designs were arranged and 

formed with more density. The Çini products were filled with dense motifs and patterns to hide the 

mistakes and dull background color. In this way; they aimed to mask the quality deficiencies that 

occur in the Çini bisques, the glazes and the colors with intensive pattern designs. The need for 

intensive pattern designs is one of the most basic features that reflect the characteristic structure of 

Kütahya çinis. The Solution, which emerged as a necessity, was to enrich the motif and pattern 

designs and increase the aesthetic qualities. 

 

These tiny pieces of Çinis made of hard white clay are put under the glaze technique, then made into 

small sized elegant works such as cups, bowls, pitchers and plates etc. These items all carry a different 

local artistic character from each classical style with light brush strokes. They are decorated with small 

flowers, plant motifs, leaves, vines, raindrops and medallions with light blue, navy blue, red, yellow, 

purple, green, and lilac colors. Besides these, lifelike birds, fish and local outfit designs were widely 

used. However, in the second part of the 18th century, the quality of Kütahya's Çini had deteriorated in 

terms of color, motif and shape. This dreadful period lasted a long time. In 1905, the governor, Fuat 

Pasha, had the government building decorated with Çinis. Then later wrote in a report to the center 

saying; "Three centuries ago in Kütahya, there were more than three hundred Çini manufacturers. In 

1795, the number of manufactured Çini ateliers had fallen. Towards 1902, Hafız Emin and Hacı 

Minasyon's ateliers had closed down. During the Second World War, Çini manufacturing in Kütahya 

was revived once again in response to the need and continues its development today [4]. 

 

Kütahya is the only city in Turkey that has earned importance in statistics today with its commercial 

and artistic contribution to Çini culture, aesthetic line, continuous developing production, technology 

and globalizing world markets since the beginning of production start in the 13th century. Despite this, 

it cannot be denied that negative factors such as commercial expectations and inadequate academic 
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training have led to a great decrease in the art of Çini and its industry. The characteristics of the Çini 

products that started to rise from the 16th century have fallen due to the 19th century national and 

sectoral negativities. The Çini sector, which has gained a momentum with the Republican era, has now 

become more intense and has achieved a significant success level in the area of quality and standard as 

the concomitant result of increasing research-development and product-development studies. 

 

However, in order to meet the anticipation of globalized domestic and foreign markets, handiwork 

shifted to technology-intensive production as it is a lot quicker. The inability to fully hold the 

academic balance of the traditional master apprenticeship has resulted in a decrease in quality in 

design as well as aesthetics. The quality and standards that are captured in the production of Çini 

structure are unfortunately not current for Çini motifs and patterns production due to the lack of 

trained artists and masters. In today‟s Çini motifs and designs, it is not possible to talk about 

innovation when we compare them to the motifs and designs in the sixteenth and seventeenth centuries 

as there is no extreme change in design. Due to commercial concerns and lack of academic 

publications and research, the Çini sector has not gone beyond the repetition of old motifs and 

patterns. 

 

Conclusions & Recommendations 

 

One of the most important problems that the Çini producers are facing is; the motifs and designs that 

directly affect the sale of Çinis are not rich and sufficient in quality and quantity. Therefore, the 

production of Çinis that are decorated with similar motifs and designs threaten the domestic and 

foreign markets.  

 

Re-interpretation of Çini motifs and patterns went from a contemporary perspective without straying 

away from the original; it is important to save the Kütahya Çini art which has been going on for 

hundreds of years from repetition and copies, and to determine a new route in its original line. The 

most important feature that distinguishes Çini products from other ceramic products is the decorations 

applied under the glaze. The term of decor can also be referred to as pattern integrity created with unit 

motifs. 

 

Çini art is one of the oldest art branches of Turkish history. It has been continuously produced until the 

present day because it can survive for years and can deliver its social values to future generations. Çini 

artifacts have also been used frequently in religious buildings and state-owned public buildings, 

because they make it more aesthetically valuable. 
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Çini Art lived its most spectacular days in the Ottoman Empire during the 15th and 16th centuries. 

İznik and Kütahya stand out as the two most important Çini production centers in this period. At the 

end of World War I, Iznik Çini production, which lost its support of the palace, has losed its 

importance in the following years. This situation has brought Kütahya Chineseism to an even more 

important position. Today, the most important and even the only representative of the Turkish Çini 

Art, Kütahya Çini sector is experiencing a blockage due to repetition and copying in motif and pattern 

design despite the increasing technical possibilities. For this reason, it is necessary to reinterpret 

today's Turkish society with the contemporary aesthetic point of view in accordance with the original 

of the Çinis and patterns. Çini art, which has been carried on with the master apprentice relationship 

for hundreds of years, needs to be transferred to the younger generations with traditional and academic 

methods especially in terms of motif and pattern design. 
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ABSTRACT 

Solid electrolyte containing all solid state Li-ion batteries are considered as a potential solution 

for the safety issues of high-energy density batteries. However, solid electrolytes in all solid-state 

batteries show low ionic conductivity. Cubic Li7La3Zr2O12 (LLZO) is a new composition that shows 

nearly liquid electrolyte ionic conductivities. One of the main challenges for LLZO as Li-bearing 

materials is the lack of information obtained from 3D structures about porosity and secondary phase 

distribution. In this conceptual study, 25 mole % Al containing LLZO was synthesized by using solid-

state reaction method with 2-step calcination at 900 and 980 °C followed by sintering at 1050 °C for 

24 hours. According to XRD results, tetragonal-cubic LLZO mixture was formed along with phases of 

LiAlO2 and La2Al0.5Li0.5O4. Microstructural investigations of grain and grain boundary phases were 

evaluated in 3-D by using FIB-SEM techniques. Quantitative analysis was conducted by using both 

EDS and FIB-SEM software. EDS results emphasize nearly stoichiometric ratio of LLZO and grain 

boundary phases. 3D models generated by FIB-SEM showed that 87.7 vol. %  LLZO; 7.3 vol. % 

La2Al0.5Li0.5O4 which was beleived to be melted and flowed through porosities during sintering; 5 vol. 

% LiAlO2 which remained in a solid form during synthesis and pores. 

 

INTRODUCTION 

Li-ion batteries are considered as a next generation energy storage devices. Especially for energy 

applications such as EV’s, organic liquid electrolytes are highly explosive and flammable which cause 

safety problems for long-term usage. Because of that, electrolytes’ stability would be crucial parameter 

in high energy density Li-ion batteries. In order to overcome such problems, a lot of solid electrolytes 

are studied [1-3]. 

Among them, garnet type Li7La3Zr2O12 (LLZO) solid electrolytes show excellent electrochemical 

stability window, explosion and flame resistant properties. They are also known as non-toxic [2]. 

There are two polymorphs of LLZO reported so far. The room temperature stable phase of tetragonal 

LLZO shows quite low ionic conductivity. However, high temperature stable phase of cubic LLZO 

shows nearly comparable ionic conductivity with liquid electrolytes [3].  

It’s also reported that doping with stabilizers such as Y [4], Ta [5], Al [6-15], Hf [16,17] Ga 

[5,18] , Te [14], Si [15], Nd, Ca and Nb [19] during synthesis reduce the cubic stabilization 

temperature. More work has been done related on Al since it’s a common substance found in nature.  

There has been a growing need for explaining sintering behavior during synthesis. X-ray and 

neutron diffraction techniques are widely used to understand and explain the formation mechanism 

during synthesis. Up-to-date knowledge in case of Al reveals that, low-melting point intermediate 

phases will be formed and help sintering behavior of LLZO [9,10]. However, for better understanding 
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on cubic phase LLZO stabilization mechanism, quantitative results obtained from diffraction 

techniques should be visually supported by electron microscopy techniques. In this study, elemental 

and phase analysis by using SEM-EDS and FIB-SEM on the polished surface of 25 mole % Al 

containing LLZO pellets sintered at 1050 °C for 24 hours is discussed. 3D microstructural analysis, 

the dispersion of porosities and impurity phases as well as LLZO phase is also evaluated by using 

FIB-SEM.   

 

EXPERIMENTAL 

25 mole % Al containing LLZO was synthesized via solid-state reaction method. Firstly, Li2CO3 

(Merck) was dried at 200 °C, whereas La2O3 (Sigma-Aldrich) and ZrO2 (Inframat) were dried at 900 

°C before mixing to get rid of the hydroxides and humidity. Al2O3 (Ceralox) was used as Al source to 

stabilize the cubic phase. Stoichiometric amounts of powders were mixed in agate mortar grinder 

(Retsch RM200). 15 % of excess Li as Li2CO3 was added in order to compensate Li losses during the 

calcination. Powders were calcined at 900 and re-calcined at 980 °C for 12 hours in a muffle furnace 

(Nabertherm). Between each calcination step, powders were reground. After that, 2 g of calcined 

powders were isostatically pressed into pellet (16 mm diameter) at 290 MPa. Then, as-prepared pellet 

were sintered at 1050 °C for 24 h within a powder bed containing calcined powders. Alumina crucible 

was used for all heat treatments. 2 °C min-1 heating rate was set in order to minimize unexpected Li 

losses during heat treatments. The pellet were ground using 2-propanol as coolant and their crystal 

structures were determined by using Rigaku MiniFlex 600 X-ray diffractometer (XRD) with a scan 

speed of 1°/min and step size of 0.02° by using Cu Kα.  

For SEM investigations, samples were polished by using both mechanical polisher (STRUERS, 

Tegra pol-25) and cross section polisher (CP, Jeol, SM 09010). During mechanical polishing, water-

free solutions (AKASEL – DiaDoublo Water Free Diamond Suspensions) were used to avoid 

contacting of water to the LLZO. Then, samples were polished at 2.5 kV accelerating voltage for 16 

hours in the CP.  

Imaging and chemical analysis studies were carried out in a field emission gun-scanning electron 

microscope (ZEISS-SUPRA 50 VP) attached with an energy dispersive X-ray spectrometer (EDS-

OXFORD Instruments). 3D-BSE reconstructions were performed in a FIB-SEM (FEI Company, 

Quanta 3D FEG) system. During the slice and view application, operating parameters of the electron 

beam were set to 5 kV accelerating voltage and 4 nA beam current. Also, the materials were milled by 

using Ga
+
 ions at 30 kV accelerating voltage and 3 nA beam current conditions. Milling was carried 

out 20 µm deep into the material by 75 BSE images with 200 nm thickness. 

 

RESULTS & DISCUSSION 

 

The XRD pattern of 25 mole % Al containing LLZO pellet sintered at 1050 °C for 24 hour is 

shown in Figure 1.  

 

 
(a) 

 
(b) 

Figure 1. XRD patterns of as-synthesized LLZO sample. (a) Whole pattern; (b) Pattern 

between 2 θ= 50-54° showing (426) plane of tetragonal LLZO. 
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As it can be obtained from the Figure 1 (a) that all of the peaks can be indexed as cubic LLZO 

(PDF Card No: 01-080-9103), tetragonal LLZO (PDF No: 01-080-6141), LiAlO2 (PDF Card No:00-

038-1464) and La2Al0.5Li0.5O4 (PDF Card No: 01-084-1470). Besides, the small peak at 2θ=53.5° is 

(426) plane of tetragonal LLZO in Figure 1 (b) which proved the presence of tetragonal LLZO. 

Moreover, the background between 2θ=50-54° in Figure 1 (b) formed due to the tetragonal and cubic 

peak overlays. The pattern showed bold belonged to tetragonal LLZO structure. Sintering at 1050 °C 

for 24 hours resulted in tetragonal and cubic phase LLZO, LiAlO2 and La2Al0.5Li0.5O4 in the structure. 

The latest studies concerning calculation of LLZO and impurity phases by in-situ neutron diffraction 

technique emphasizes that La2Al0.5Li0.5O4 and small amount of LiAlO2 are the most likely intermediate 

phases at sintering temperatures around 1000 °C. The same study also implies that tetragonal phase 

tends to remain during transition. In all, findings given above are in accordance with the previous 

studies [20]. 

The microstructure investigations of surface morphology were carried out by using both 

Secondary Electron (SE) and Backscatter Electron (BSE) Mode. Surface morphology of polished 

samples and phase contrast is presented in Figure 2. 

 

 
(a) 

 
(b) 

Figure 2. XRD patterns of as-synthesized LLZO sample. (a) Whole pattern; (b) Pattern between 

2 θ= 50-54° showing (426) plane of tetragonal LLZO. 

Images in Figure 2 (a) showed that grains with a diameter of 2-3 μm were partially surrounded by 

secondary phase. Since the shape of secondary phase is the shape of intergranular voids, it can be 

referred that sintering temperature exceeded its melting point and flowed through the intergranular 

voids. There were also submicron porosities within the grains microstructure. Table 1 showed the 

quantitative elemental analysis results obtained by EDX point analysis from Points 1-3 in Figure 2 (b). 

Table 1. Quantitative elemental analysis from SEM-EDX on different points 

Point 
La  

(at. %) 

Al 

(at. %) 

Zr 

(at. %) 

O 

(at. %) 

1 0.0 30.3 0.0 69.7 

2 26.6 6.9 0.0 66.5 

3 15.8 0.3 11.8 72.1 

 

The point EDS analysis in dark regions (denoted as 1) showed only Al and O that was the sign of 

LiAlO2 found in Figure 1. The brighter regions (denoted as 2) were La-rich regions. Zr was not 

detected which was the clue of La2Al0.5Li0.5O4 phase. La2Al0.5Li0.5O4 melted and partially filled grain 

boundaries at sintering temperature. It can be inferred from the Point 3 that La and Zr ratio was 

precisely conformed LLZO stoichiometry. But, the content of Al was lower than what it was expected. 

The Al diffusion through LLZO grains was not completed. There were also Al-rich phases such as 

La2Al0.5Li0.5O4 and LiAlO2 around the grains. However, dispersion of LiAlO2 was not as same as 
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La2Al0.5Li0.5O4. Since it remained its solid form at sintering temperatures, LiAlO2 phase were 

deposited within intergranular voids. 

Since SE and BSE images only gives information about surface morphology, there’s a need of 

proving the hypothesis in 3-D. For more accurate evaluation of findings above, it’s important to show 

what’s behind the surface. A series of slices were excavated from the surface of polished LLZO. By 

combining all slices, 3-D models of three different regions stated in Figure 2 (b) were built and given 

in Figure 3.   

 
(a) 

 
(b) 

Figure 3. 3-D models obtained from excavated region for the (a) Point 1; (b) Point 2 

3-D model of excavated volume was presented in Figure 3. Region denoted as 1 in Figure 2 (b) 

was shown in Figure 3 (a). In this model, dark region consist LiAlO2. Since porosities act as electron 

sinks and appeared dark in BSE mode, residual porosities were also located in the given model. The 

contrast difference does not allow discriminating each other. It can also be inferred from the Figure 3 

(a) that discrete LiAlO2 grains were on the triple junction of LLZO grains. There were LiAlO2 grain 

growth and LiAlO2 - LiAlO2 grain boundaries which is the sign of solid state reaction at sintering 

temperatures. A thermodynamic study based on Li2O-Al2O3 system emphasizes that LiAlO2 

compounds melt at 1775 °C which is relatively high comparing with sintering conditions [21]. So, 

LiAlO2 phase will be formed in solid state. Thus, current study correlates with the literature.  

3D model formed by La2Al0.5Li0.5O4 denoted as 2 in Figure 2 (b) were seen in Figure 3 (b). Unlike 

Figure 3 (a), all white regions are strongly interconnected. No sign of discrete grain boundaries were 

presented. According to the morphology in Figure 3 (b), La2Al0.5Li0.5O4 melted during sintering; 

flowed through and filled grain boundary voids partially. Furthermore, the grey colored remaining 

phase in both Figure 3 (a) and (b) was tetragonal and cubic LLZO phases denoted as 3 in Figure 2 (b). 

Quantitative analysis was done by analyzing the volume of darker and white obtained in Figure 2 

and 3. Results were presented in Table 2.  

Table 2. Quantitative data analysis from 3D-FIB Slices 

Region
1
 

Volume 

(vol. %) 

1 5.0 

2 7.3 

3 87.7 
1
Region numbers are the same as in Figure 1. 

 

It can be obtained from the Table 2 that volumes in percentage from different regions show that 

87.7 % of total volume is LLZO and only 5.0 % and 7.3 % of total volume contain pores, LiAlO2 and 

La2Al0.5Li0.5O4 respectively. These results are parallel with XRD patterns in Figure 1 (a).   
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CONCLUSIONS 

To summarize the findings above, 25 mole % Al containing LLZO is synthesized via solid state 

reaction method with 2-step calcination and sintering at 1050 °C for 24 hour. According to XRD 

results, a mixture of tetragonal and cubic LLZO is formed with impurities of LiAlO2 and 

La2Al0.5Li0.5O4. SE and BSE images in combination with quantitative EDS analysis show that, because 

of relatively low atomic weight, LiAlO2 appears dark along with porosities and it’s hard to 

discriminate them in BSE mode. Besides, white regions are La2Al0.5Li0.5O4. 3-D models formed by 

slicing with FIB visualize high LLZO ratio of 87.7 vol. % with a very low La2Al0.5Li0.5O4, LiAlO2 and 

pore volumes of 7.3 % and 5.0 % , respectively. Another outcome of this study is that LiAlO2 was in a 

solid state whereas La2Al0.5Li0.5O4 was in liquid form during the sintering. 
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1.INTRODUCTION 

Lithium-air batteries are considered to be next generation energy storage systems with theoretical 

energy density density of ≈12000 Wh/kg, approximately equal to energy density of gasoline. Current 

Li-air battery systems compose of lithium metal and porous carbon based materials as anode and 

cathode respectively. Shuttle of Li+ ions between anode and cathode realized by aqueous and 

aprotic(non-aqueous) liquied electrolytes. Corrosion of Li anode in contact with aqueous electrolyte 

requires to utilize a dense and highly ionic conductive membrane to protect lithium anode without 

preventing lithium ion transport[1]. 

 

Among various glass-ceramic membranes, oxide based solid electrolytes are promising candidates to 

be utilized in Li-air batteries due to their better characteristics over other systems, e.g. higher oxidation 

and reduction stability [2].  Li1+xAlxTi2-x(PO4)3 systems are widely utilized in Li-air battery systems as 

membranes which combine electrochemical stability with  high ionic conductivities on the order of 10
-

4 
S/cm [3–5].  

 

This study covers the synthesis of Li1.3Al0.3Ti1.7(PO4)3 solid electrolytes with sol-gel route. Phase and 

morphology of synthesized membrane powders were carried out with XRD and FESEM respectively. 

Thermal analysis were conducted by DSC-TG analysis. Besides, cylindirical shaped pellets were 

produced by cold-pressing LATP powders at different pressures and subsequent heat treatment were 

applied to investigate the pressure-sintering temperature-pellet thickness relation.    

 

2.EXPERIMENTAL METHODS  

Synthesis of LATP carried out with sol-gel method. Initially titanium isopropoxide dissolved in citric 

acid and water mixture for 4h at 80°C. In another beaker, lithium acetate and amonium dihydrogen 

phosphate dissolved. Then, first mixture poured into lithium acetate-ammonium dihydrogen phosphate 

solution at room temperature. Aluminum isopropoxide were then added to mixture. Ethylene glycol 

were then added to whole mixture under magnetic stirring. Ammonium hydroxide were added to 
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adjust the pH of the mixture into neutral. After magnetic stirring for about 6h at 80°C, the mixture 

converted into gel form. The gel dried at 150 °C for 5h. After drying, the gel subjected to a two-step 

heat treatment where the gel initially converted into glass form and subsequent heat treatment 

converted the glass into crystalline form. 

Thermal analysis of the powders were carried out with NETZSCH STA  under nitrogen medium. 

Phase analysis was conducted by X-ray diffraction between 10-50°. Pellet were preduced from 100 mg 

LATP powders by cold pressing under different pressures. Morphology and elemental analysis of the 

LATP carried out at FESEM Quanta FEI450. 

 

3.RESULTS and DISCUSSION 

Figure 1 shows the DSC-TG analysis result of LATP sysnthesis.Strong egzothermic peak observed at 

the onset of  800 °C stands for the crystallization of LATP structure from glass. Another endothermic 

peak at about 200 °C were observed which is due to the decomposition of ammonium dihydrogen 

phosphate[6]. TG analysis revealed the weight loss at about 150 °C which is due to the pyrolisis of 

ethylene glycol and citric acid to emancipate CO2 and H2O [7]. 

 

 

Fig. 1. DSC-TG analysis of LATP under N2 medium. 

XRD analysis were preformed to reveal phase analysis of LATP and to detect impurity  phases 

emerged up on heating up to 1000 °C. Powders heat treated at 800 °C were found to contain less 

impurity AlPO4 phase which is the main impurity phase in these systems[8]. Amount of impurity 

phase were increased with increasing temperature. 
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Fig. 2. XRD patterns of LATP powders crystalized at 800, 900 and 1000 °C for 5h. 

 

Morphology of LATP pellets sintered at 800,900 and 1000 °C were shown in Figure 3. Pellets sintered 

at 1000 °C have microcracks which impede ionic conductivity and deteriorate mechanical stability of 

pellets.  

 

   

Fig. 3. SEM images of LATP pellet membranes sintered at 800,900 and 1000 °C. 

 

EDS analysis given in figure x shows that the amount of Al dramatically increased at 1000 °C due to 

the formation of AlPO4 phase. At 900 °C the amount of Al is more than the stoichiometry of 

Li1.3Al0.3Ti1.7(PO4)3 which is consistent with XRD analysis where the amount of impurity phase were 

found to be increased. 
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Fig. 4. EDS Analyses of LATP pellets sintered at 800(a),900(b) and 1000 °C(c). 

LATP pellets in cylindirical form were produced by cold pressing at different pressures. Sintering 

were then carried out at 800, 900 and 1000 °C to impart mechanical stregth through reducing 

porosities within pellets. Table 1 shows the pressure-sintering temperature and pellet thickness 

relation. Pellets as thin as 130 µm were obtained after sintering at 1000 °C.  Synthesized LATP were 

shown in figure 5 in powder and pellet forms.   

Table 1. Effect of pressures and temperatures on the thickness of LATP membrane. 

 

 

 

 

 

 

800°C 900°C 

1000°C 
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Fig. 5. Synthesized LATP powders (left) and pellet form (right) after pressing and sintering. 
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ABSTRACT 

 

Direct coagulation casting via dispersant reaction in silicon nitride suspension was studied. High solid 

concentration and low viscosity silicon nitride suspensions were prepared using TMAH 

(Tetramethylammonium hydroxide) as a dipersant. GDA (Glycerol diacetate) was used to destabilise 

the Si3N4 slurries. The effect of solid loading and GDA concentration on the viscosity of slurries, 

green and sintered bodies were investigated. Silicon nitride parts were fabricated defect-free with 50 

vol% solid loading, 0.4 wt% TMAH and 2 vol% GDA. The bulk density of sintered silicon nitride 

parts was almost 3,22±0,01 gr/cm
3
, four point bending strength of 600±170 MPa, fracture toughness 

of 6.75±0.05 MPa.m
1/2

 and Vickers hardness of 13.5±0.2 by gas pressure sintering.  

 

1.  INTRODUCTION 

 

Silicon Nitride (Si3N4) based ceramics have developed into a well-established material for several 

structural applications, at both ambient and elevated temperatures, due to its high mechanical 

properties,  good thermal shock resistance, high corrosion resistance, hardness and wear resistance[1]. 

These beneficial properties arise from dense microstructures containing interlocking β- Si3N4 [2].  Due 

to these properties, this materials has been used in such applications as aerospace and automobile 

industries, cutting, electronic substrates, gas turbine and engineering components [1]. Also, Si3N4 

ceramics have been shown to be biocompatible so they have been used as implant materials [3].  

 

Complex-shaped silicon nitride ceramic parts have conventionally been made using injection molding, 

slip casting, extrusion and pressing methods. Nevertheless, these methods have problems assaciated 

with production of molds, interactions with the mold materials, cracking during their green forming 

stages, binder removal, and long production time [4]. Therefore, slurry based methods such as direct 

coagulation casting and gel casting have been developed as alternative shaping processes. With these 

methods, complex shaped parts can be easily produced with the requirement of no or minimal 

machining processes.  

 

Direct coagulation casting (DCC) is a new shaping method for ceramic green bodies [5]. Direct 

coagulation casting relies on coagulation of a stable colloidal suspension by using a suitable additive 

in the suspension which leads to its destabilisation. The cremic powder suspension is coagulated by 

either change the pH toward the isoelectric point (IEP) of the suspension or increase the electrolyte 

concentration in the suspension [6]. In this way, the suspension is gelled to a rigid structure that take 

the shape of the mould with any complexity. This method has been produced homogenous 

microstructures with high green density. DCC is especially suitable for fabricating complex shaped 

components with large and small cross sections in the same part. Large and complex silicon nitride 

parts have been successfully shaped using the DCC technique [7].  

 

The aim of this study, concentrated and low viscosity Si3N4 slurries, stabilised with TMAH is 

destabilised by using glycerol diacetate. Glycerol diacetate reacts with TMAH to reduce pH. After 
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shaping of silicon nitride ceramic parts using these slurries, drying and sintering behaviour of shaped 

parts, their microstructure and mechanical properties is reported.  

 

2.  EXPERIMENTAL PROCEDURE 

 

2.1. Materials and Method 

 

A commercially available silicon nitride powder was used. Alumina powder and yittrium oxide 

powder were used as sitered additives. TMAH (consentration of %10) and GDA (Glyserol diasetate) 

were used as dipersant and coagulant agent, respectively. Deionized water was used in preparing the 

suspension. 

 

Figure 1 is shown the flowchart of the direct coagulation casting process. The suspensions were 

prepared by mixing silicon nitride powder, sintering additives, deionized water, dispersant and ball 

milling for 3 days using silicon nitride grinding media. The suspensions took approximately 25-30 

min. in vacuuming to dispose of air bubbles. Then, differant amounts of glycerol diacetate as a 

coagulating agent was used. The suspension was fill into the nonporous mold and at 60°C.  The 

suspension is gelled to a rigid structure that take the shape of the mould and then demolded. The parts 

dried at 60
 o
C for 24 hours and GPS method was used to sintering at 1950

o
C for 2 hour.  

 

 
 

Figure.1. Flowchart of the direct coagulation casting process 

 

2.2. Characterization 

 

Particle size distribution of used powders was measured by Malvern MasterSize Analyzer 2000. The 

rheological properties of suspensions were measured using a rheometer (AntonPaar MCR 102) at 

25°C. After shaping, green densities of rectenguler parts were calculated by measuring dimensions and 
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weights. The densities of the sintered ceramic parts were determined using the Archimedes technique. 

The mechanical properties of the sintered samples were measured by using  four point bending method 

(Instron, MDS666C ). The fracture surface and polish surface of sintered parts microstructures were 

imaged using scanning electron microscopy (Zeiss EVO-50, Germany). 

 

  

3. RESULTS AND DISCUSSION 

 

Tetramethylammonium hydroxide is a widely used dispersant for the electrostatic stabilization of 

silicon nitride suspensions. The pH of prepared suspensions are approximately 11 with TMAH as 

dispersant.  The effect of different solid concentrations on the viscosity of silicon nitride suspensions 

with 0.4 wt% TMAH is shown in Figure 2. It was observed that the viscosity of suspension increased 

due to the solid loadings.  The viscosity of suspension at 50 vol% and 52 vol% solid loading are 1 Pa.s 

and 1.45 Pa.s at 10 s
-1

, respectively. The suspension with a suitable fluidity for casting above 52 vol% 

solids concentrations could not be prepared. In order to prevent high viscosity and to facilitate the 

casting of the ceramic suspension into the mold, 50 vol% solid loading were chosen ın the 

experimental studies.   

 
Figure.2. Effect of solid loading on the viscosity of silicon nitride suspension at the shear rate 10 s

-1
. 

 

Glycerol diacetate (GDA) is used as a coagulation agent for shaping by direct coagulation casting. It 

has been commonly used in practical applications fort he pH regulator in systems. GDA is 

hydrolyzable ester and produce acetic acid in the alkaline region. Depending on the reaction between 

the TMAH and the acetic acid formed from the hydrolysis of the GDA in the suspension. 

Tetramethylammonium hydroxide is gradually consumed and dispersant concentration is reduced in 

the suspension. The silicon nitride particle surface loads are reduced and the system is formed by 

coagulation in the system [8].   

 

Figure 3 shows the effect of concentration of glyserol diacetate on the viscosity of silicon nitride 

suspensions. The viscosity of the suspension was increased depending on the amount of GDA. The 

slurry’s viscosity at 2 vol% and 2.5 vol% glycerol diacetate are 2.30 Pa.s and 6 Pa.s at 10 s
-1

, 

respectively. With the use of 2.5 volüme percant GDA, the viscosity vas increased due to quickly 

Coagulation and Casting was diffcult. Therefore,  silicon nitride suspension with glycerol diacetate of 

2 vol% is prepared for experiments.  
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Figure.3. Effect of concentration of glyserol diacetate on the viscosity of 50 vol% silicon nitride 

suspensions at shear rate of 10 s
-1

 

Figure 4(A) shows green complex parts shaped by direct coagulation casting. The parts are fabricated 

smooth surface and defect-free such as bubble. Figure 4(B) shows the micrograph of green parts. 

Silicon nitride green bodies are observed in homogeneous microstructure due to the good stabilization 

of suspensions. Moreover, increasing solid concentration can led to decrease in the gaps between 

particles in the suspension and the density increases. Figure 5(A) shows microstructures of polished 

surface, 5(B) fracture surface and 5(C) β- Si3N4 grains in a pore of sintered silicon nitride parts. When 

the microstructure of polished surfaces of sintered samples is examined, it is observed that β-Si3N4 

elongated grains with a high ratio of length-diameter were formed.  At the same time, the exist of 

pores are observed in samples.  When the fracture surfaces of the samples are examined, it was 

observed that the intercrystalline and transcrystalline fracture mechanisms. 

 

 

 
 

Figure 4. (A) green complex ceramic parts and (B)  microstructure of green parts 
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Figure 5. Microstructure of A) Polished surface, B) Fracture surface, C) β- Si3N4 grains in a pore 

 

The complex shaped Si3N4 ceramic parts prepared by DCC method shows good mechanical properties. 

Besides, The average bulk density, flexural srength, fracture toughness and Vickers hardness of gas 

pressure sintered samples are determined as 3.22±0.01gr/cm
3
, 600±170 MPa, 6.75±0.05 MPa.m

1/2
 and 

13.5±0.2 GPa respectively. The deviation were high because of defects in the microstructure such as 

bubbles. To decrease the deviation, the cold isositatic pres was used. 

4. CONCLUSION 

 

Silicon nitride based ceramic parts were successfully shaped by direct coagulation casting method. 

Low viscosity suspensions were fabricated by solid concentration of 50 vol% and adding 0.4 wt% 

TMAH. The suspension was coagulated by Glycerol diacetate of 2 vol% at 60°C. Silicon nitride 

suspension was destabilized by reaction between TMAH and acetic acid which is occur after 

hydrolysis of GDA. Sintered bodies obtained bulk density 3.22±0.01gr/cm
3
, flexural strength 600±170 

MPa, Vickers hardness13.5±0.2 GPa, indenter fracture toughness 6.75±0.05 MPa.m
1/2

. Complex 

shaped ceramic parts are fabricated by DCC method with no defect during demoulding. The new 

coagulation method is a recommended process for the production of near net shaped ceramics. 
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Abstract 

Wear resistance is of great importance for many industries in drilling processes and for minerals. The 

particles seen in these industries may cause erosion. These particles may have various sizes, shapes 

and hardness. These particles may also impact the surface at various angles and speeds. Wear 

resistance is also important for ceramic tile industry because these materials, which are also used in 

building facades, must withstand all kinds of weather conditions. In this study, the wear resistance of 

the porcelain tile bodies was investigated by solid particle impingement using alumina particles. The 

effects of technological, mechanical and microstructural properties on wear resistance were also 

investigated. It was determined that the technological, mechanical and microstructural properties were 

improved with the addition of spodumene. The improvement of technological, mechanical and 

microstructure properties also reduced wear rates. 

Keywords: wear resistance, solid particle impingement, porcelain, abrasive wear 

 

 

1. Introduction 

Porcelain tiles contain quartz, feldspar and mullite which are crystalline phases. Porcelain tiles also 

contain vitreous phase.  The amount of glassy phase is between 40-80 wt. %. Mullite crystals are 

between 8-10 wt.% depending on sintering processes [1-4]. Porcelain stoneware tiles are used as 

covering materials in floor, internal walls and exterior walls. Diff erent properties are required for these 

applications, especially mechanical properties [1-4]. The mechanical properties of porcelain tiles are 

related to their microstructure [5]. Due to the close-to-zero open porosity, porcelain tiles show less 

than 0.5% water absorption; however, they show noticeable closed porosity [3, 5, 6]. Closed porosity 

may be higher than 10% [5, 7]. The firing temperature reaches up to 1230°C for 40-60 min. The 

sintering process results in a decrease in the total porosity [5].  The total porosity is the sum of the 

open porosity located at the surface and the closed porosity trapped in the bulk material. This shows a 

dependence of the mechanical characteristics and service behaviour on the closed porosity [5, 8]. As 

mentioned before, different properties are required depending on the type of the applications. For 

exterior wall applications, mechanical properties such as strength, hardness, wear resistant are 

essential. Environmental conditions will significantly aff ect porcelain tiles. Mostly, extreme weather 

conditions are observed in deserts. The most characteristic properties of desert climate are sand storms 

and hurricanes. Both of them are composed of high-speed sand particles. When sand particles hit the 

surface of exterior wall material, they result in surface erosion [9]. High-speed sand particles in a 

desert are an important factor, because they can cause a decrease in the reliability of the exterior wall 

materials. Porcelain tiles can be used in exterior sides of buildings due to their aesthetic appearance 

and many important features such as mechanical strength and wear resistance [10]. Although there are 

many studies on porcelain tiles in the literature, there is not enough study about extreme conditions 

such as high-speed sand particles.  
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In this study, the relationship among properties of technological, mechanical, microstructural and wear 

resistance of porcelain tiles with the addition of spodumene (Li2O.Al2O3.4SiO2) under solid particle 

impingement was investigated.  

2. Experimental studies 

Standard porcelain tile bodies are composed of clay, kaolin, quartz and feldspar. The granules were 

shaped using uniaxial press in a 50 mm × 100 mm die at 450 kg/cm
2
. After shaping, samples were 

dried at 110°C. Sintering was carried out in a laboratory kiln (Carbolite CWF 12/13) at 1210°C for 60 

min. The technological properties of samples, such as water absorption, porosity, firing shrinkage 

were determined at Ceramic process laboratory in Kirikkale University. Chemical analyses of raw 

materials, analyses of phase, microstructure, bending strength and elastic modulus were investigated at 

Ceramic Research Centre in Anadolu University. The chemical compositions of the raw materials 

were analysed using an XRF (Rigaku, ZSX Primus XRF). Phase analyses from fired samples were 

conducted using X-ray diffraction (XRD) (Rigaku Rint 2200) (with CuKα radiation) at 40 kV and 30 

mA. Test was performed from 2θ = 5° to 55°, at a scanning speed of 2°/min. The scanning electron 

microscope was used to determine microstructural properties (SEM, Zeiss EVO 50EP). Archimedes 

method and Helium pycnometer (Quantachrome Model MVP-1 Multipycnometer) were used to 

determine the bulk density and the total porosity. The ultrasonic test method was used to determine the 

elastic module. The technique used in the ultrasonic test method is the time-delay of propagation 

between transmitted and received ultrasonic waves. The velocity of ultrasonic waves can be measured 

from the thickness of the samples and the time-delay. The longitudinal transmission time and the shear 

wave transmission time was measured from the fired porcelain tiles using Olympus Panametrics 

Model 5800 Computer Controlled Pulsar/Receiver. The longitudinal and shear wave’s transmission 

time was measured with contact ultrasonic transducers operating on a pulse-echo mode. The 

transducer centre’s frequencies were 5 MHz for longitudinal waves, and 2.25 MHz for shear waves. 

The digital oscilloscope was used to measure transmission time (Tektronix TDS 1012 Two Channel 

Digital Storage Oscilloscope).  The wear resistance measurements of porcelain tiles were carried out 

by particle/sand erosion testing method using alumina sand (particle diameter: 50µm, impact angle: 

90, velocity: 74 m.s
-1

 and flow rate: 2.5 gr. min
-1

).  The solid particle erosion test system is shown in 

Fig. 1. The system contains three main sections. An air compressor (with a pressure capacity of 40 

bar) and a reservoir tank for pressurized air is the first section. A pressure conditioning tank and dust 

feeding system (alumina particles) is the second section. In this section, the air is adjusted to the 

predetermined pressure values to obtain the required speeds for the alumina particles. In the final 

section, there is a test cabinet that includes a linear moving platform operated by a motor. The test 

system can provide different impact angles and nozzle distances. The test system was used to 

determine the wear performance of porcelain tile bodies according to ASTM G76-13 standard. 

 

Fig. 1. Solid particle erosion test system [11] 

3. Result and Discussion 

3.1.  Chemical composition and phase analyses  

Chemical compositions of the raw materials are shown in Table 1.  Std body is composed of kaolin 1, 

kaolin 2, Na feldspar, quartz, clay 1, clay 2 and clay 3. D1, D2 and D3 bodies contain kaolin 1, kaolin 

2, Na feldspar, quartz, clay 1, clay 2, clay 3 and spodumene. In this study, spodumene was used 

instead of Na-feldspar at a rate of 1%, 2% and 4% in D1, D2 and D3 bodies. D4 body is composed of 

kaolin 1, clay2, sodium feldspar and spodumene.  D4 body contains spodumene at a rate of 1% wt. 
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instead of sodium feldspar.  D5 body contains kaolin 1, clay 1, clay2, sodium feldspar and spodumene. 

D5 body contains spodumene in ratio of 1% wt. instead of sodium feldspar. Quartz was not used in D4 

and D5 bodies.  

Table 1. Chemical compositions of raw materials 

 Lol. SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O 
Li2

O 

Kaolin 1 10.0 65.00 23.0 0.5 0.50 0.20 0.15 0.20 0.30 - 

Na Feldspar 0.50 71.10 17.40 0.05 0.24 0.60 0.10 9.36 0.34 - 

Quartz 0.43 97.64 0.73 0.18 0.03 0.10 0.01 0.01 0.47 - 

Clay 1 10.0 59.00 26.0 1.20 1.50 0.60 0.10 0.10 2.00 - 

Clay 2 8.5 59.00 25.0 1.00 1.50 0.60 0.70 0.60 2.70 - 

Clay 3 7.5 65.00 21.5 2.50 1.30 - - 0.10 2.00 - 

Kaolin 2 0.51 78.78 13.34 0.02 0.16 4.78 0.01 2.1 0.04 - 

Spodumene 0.36 65.2 25.12 0.15 0.05 0.21 0.1 0.34 0.57 7.5 

 

Phase analyses of the samples are shown in Fig. 2.  Quantitative Phase Analyses (QPA) of the samples 

are also given in Table 2. QPA was obtained using MAUD software programme. As can be seen in 

Fig. 1, Quartz and mullite crystals and glassy phase were determined for standard body. The mullite 

and quartz phases together with glassy phase were also observed in the investigated bodies. As can be 

seen in Table 3, the amount of mullite crystal increased with the addition of spodumene in D4 and D5 

bodies. However, the amount of quartz crystal decreased with the addition of spodumene in D1, D2 

and D3 bodies. Spodumene (Li2O.Al2O3.4SiO2) is highly effective fluxing agent and is a source of 

Li2O. Alkali and alkaline earth oxides are defined as glass network modifiers. They cause the 

formation of non-bridging oxygen sites. All alkali and alkaline earth oxides is responsible for decrease 

in the viscosity approximately in the order MgO<CaO<SrO<BaO<K2O<Na2O<Li2O [12]. The 

addition of spodumene instead of Na feldspar results in a decrease in liquid phase viscosity and also 

causes further dissolution of quartz and albite. As seen in Table 2, the decrease in the viscosity of the 

liquid phase contributed to the growth and the increase in the amount of mullite crystals [8].  

 

Fig. 2. XRD analyses of the samples, M: mullite, Q: Quartz and A: Albite 

Table 2. Quantitative phase analyses of the samples 

 Mullite Albite Quartz Glassy 
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(%) (%) (%) Phase 

(%) 

STD 5.40  ± 0.18 1.36 ± 0.17 17.23 ± 0.25 
76,01 ± 

0.93 

D1 5.1 ± 0.22 0.82 ± 0.18 14.70 ± 0.29 
79.38 ± 

1.35 

D2 4.01 ± 0.25 0.28 ± 0.19 14.72 ± 0 .34 
80.99 ± 

1.67 

D3 5.62 ± 0.22 0.021 ± 0.25 14.35 ± 0.25 79.98 ±1.4 

D4 8.39 ± 0.56 4.72 ± 0.52 14.25 ± 0.76 72.64 ± 1.3 

D5 10.12 ± 0.19 0.018 ± 0.22 12.06 ± 0.13 
77.80 ± 

1.21 

 

3.2.  Technological properties 

Technological properties of the samples are given in Table 3. Bulk density and bending strength 

increased with the addition of spodumene. As mentioned before, the addition of spodumene decreases 

viscosity. Most importantly, the decrease in the viscosity of liquid phase results in an increase in 

densification rate. The decrease in viscosity accelerates densification rate [8]. As seen in Table 3, the 

acceleration of the densification rate resulted in denser bodies than the STD body. Total porosity and 

water absorption decreased with the addition of spodumene. As can be seen in Table 3, as the amount 

of mullite increased, bending strength also increased. There are three main theories explaining the 

strength of porcelains. These are mullite hypothesis, the matrix reinforcement and the dispersion-

strengthening hypothesis. According to mullite hypothesis, the strength of a porcelain body is directly 

related to the interlocking of fine mullite needles [8]. As seen in Fig. 4 and Fig. 5, these fine mullite 

needles contributed to obtain higher bending strength. 

 Table 3. Technological properties of the samples 

 

Water 

absorption 

(%) 

Bulk 

Density  

(g/cm
3
) 

Porosity 
Bending strength 

( N/mm
2
) 

Total porosity 

(%) (PT) 

STD 0.15 2.36 5.88 52 

D1 0.03 2.38 3.59 55 

D2 0.01 2.37 4.39 67 

D3 0.01 2.37 4.16 67 

D4 0,001 2.41 2.80 69 

D5 0,002 2.40 3.01 69 

 

3.3.  Solid particle erosion test and mechanical properties 

Solid particle erosion test method was performed according to ASTM G 76-04 [13]. The graph 

showing the wear loss and time relationship obtained from the solid particle erosion test is shown in 

Fig. 3.  Hardness, wear rate and elastic modulus of the samples are also given in Table 4. When this 

graph is examined, it is seen that the highest loss of volume occurs at D3. Among the ceramic 

materials subjected to the test, the highest wear resistance was obtained from the D5 code sample. This 

can be explained based on the microstructure and mechanical properties of the materials [14]. In other 

words, it was determined that the samples were composed of crystalline phases such as mullite, albite, 

quartz and glassy phase. As seen in Table 2, the samples with the highest amount of mullite crystal 

phase were determined as D5 and D4, respectively. The elastic modulus of these samples is higher 

than the other samples.  The increases in the amount of mullite and increases in elastic modulus along 

with the decrease in the number of the pores also increased the abrasion resistance of D4 and D5 

samples [14].  Hardness is also a critical property in wear and abrasion applications. One of the 

characteristics of ceramic materials is that they have good hardness. Wear rate is very low in very hard 

material.   
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Fig. 3.  The graph of the solid particle erosion test 

Table 4. Hardness, wear rate and elastic modulus of the samples 

 STD D1 D2 D3 D4 D5 

Hardness 534.41 783.56 653.26 738.48 524.15 637.11 

Elastic 

modulus 
57 55 67 71 78 75 

Wear rate 0.0587 0.0540 0.0496 0.0676 0.0529 0.0514 

Bending 

strength 
52 55 67 67 69 69 

 

3.4.  Microstructural analysis 

SEM micrographs of the samples are shown in Fig. 4, Fig. 5 and Fig. 6.  SEM micrograph of Fig. 4 is 

given in Fig. 4. Microstructure includes mullite and quartz crystals embedded in the glassy phase. 

Pores are also seen in microstructure in intense amounts. 

 

Fig. 4. SEM micrograph of STD body 

Fig. 5 and Fig. 6 show the microstructure images of D4 and D5 bodies, respectively. As seen in Fig. 4 

and Fig. 5, there are mullite and quartz crystals embedded in the glassy phase. The cuboidal crystals 

defined as Primary Mullite (PM) are developed from clay agglomerate relicts [8, 15, 16]. The 

elongated needle-shaped crystals defined as Secondary Mullite (SM) is the result of the growth of 

Primary Mullite crystals. Secondary Mullite crystals grow in feldspar, clay and kaolin-rich regions. 

Both cuboidal and needles mullite crystals are common in D4 and D5 bodies. As seen in Table 3 and 

Table 4, the bending strength in porcelain tile is directly related with Secondary Mullite crystals. The 
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mullite hypothesis clearly explains this relationship [8, 15, 17]. As mentioned before, the strength of a 

porcelain body is directly related to the interlocking of fine mullite needles. These interlocking of fine 

mullite needles also results in a decrease in the wear rate of D4 and D5 bodies because mullite have a 

low friction coefficient and good wear resistance under the common attack of wear and corrosion [18]. 

 

Fig. 5. SEM micrograph of D4 body; M: mullite, Q: quartz, PM: primary mullite, SM: secondary 

mullite, G: glassy phase. 

 

Fig. 6. SEM micrograph of D5 body; M: mullite, Q: quartz, PM: primary mullite, SM: secondary 

mullite, G: glassy phase. 

4. Conclusion 

In this study, it was determined that the technological, mechanical and microstructural properties were 

improved with the addition of spodumene. Densification rate increased with the addition of 

spodumene. The increase in densification rate resulted in a decrease in water absorption and total 

porosity. The increase in densification rate also provided denser bodies. In other words, the bulk 

density increased. The increase in the bulk density contributes to obtain higher elastic modulus. The 

elongated needle-shaped crystals defined as Secondary Mullite contributed to increase the bending 

strength. The higher elastic modulus and higher bending strength contributed to decrease in the wear 

rate of the samples. 

 

G 
PM 

SM 

Q 

PM 

SM 

 G 
Q 
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ABSTRACT 

 

Ceramic Digital Effect inks provides us to apply traditional ceramic effects from the Ceramic 

Digital Printing Machines.  Innovation of print heads on last years, we can apply many ceramic 

traditional effects from the inkjet machines. On digital ceramic- digital effect inks application, it is 

very important to use the correct printing technology for the suitable ink as well as to use the suitable 

glazes.  This study showed us that using with correct glaze formulation with suitable frits. We can get 

the same effect using with lower amount of digital inks.   In this study contains comparison of usual 

factory glaze on floor tile mat production and suitable effect glaze xrf analyses, color gamut and 

physical properties (gloss values, color coordinates L-a-b), and what will be the total benefits of the 

users of Digital Effects inks with suitable glazes 

 

Key words: Ceramic, Digital Printing, inkjet, ceramic digital effects, reactive effect glazes 

 

1.INTRODUCTION 

 

Few years ago, the only way to decorate ceramic tile was screen printing. Many tile producers 

were looking for the tile production process which will give freedom of design ability, lower cost for 

decoration pigments and long production runs. [3] 

After the digital printing machines have started to work, factories became able to work with 

more design options and lower production cost. In few years digital printing usage reached %98 of the 

entire ceramic production. Many digital machines and printheads brands started to produce digital 

machines to ceramic industry. Many pigment and glaze suppliers have started to produce ceramic 

inkjet inks which can perform according to machine and factory conditions.  Ceramic digital 

production also reduced the wastes and gave a chance to factories to produce tiles according to 

customer’s demands, elimination of printing media and shorter product development time. Ceramic 

inks got a huge importance for factories and OEMs day by day.  

Ceramic inks usually have 3 components which are solids, vehicle, additives.  Solids can be 

pigments, raw materials or frits. Inks solid content usually %40 by weight. Vehicles are liquids and 

these liquids used to apply the solids on the ceramic surface. Glycols, esters and oil have been used as 

vehicle. Additives usually determines the ink rheological behavior. The main ink parameters are 

chemical compatibility, density, viscosity, surface tension, particle size and stability. [4][1] 

Usually factories are using CMYK sequence. On ceramic field on this CMYK sequences 

refers to Blue, Brown, Yellow, Black inks. According to factories customers demand’s and production 

conditions, factories are adding extra pink, beige green, ochre and etc color bars to in order to satisfy 

the customers and getting more color gamut and color range.  

On last decade after the factories saw that the digital products on the market started to repeat. 

Therefore, in order to make the difference on tile design, ink and glaze manufacturers developed 

different types of ceramic effects.  Together with these ceramic digital effects, tiles gained the more 

spectacular views.  There are many types of digital effects and day by day numbers of digital effects 

are increasing.  Nowadays the most popular effect is Reactive effect. Reactive effect is also calling 

Sinking effect. After reactive effect the other effect inks also became popular. [3] These are mat effect, 

glossy effect, white effect, carving effect (it is also called deep ink) and metallic effects.  
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These effects inks are special inks therefore they need special applications. [3] Normally 

ceramic industry is working with printheads which can be apply 12pl to 26 pl drop size on the ceramic 

green tile surface.  Some of digital effects can be apply with these printheads but some of them can not 

apply. Therefore, printhead OEM s developed new type of printheads which can be apply 40-120 pl. 

With these printheads the ceramic effects can appear much more better and factories have started to 

design spectacular tiles. [3] 

Many times, in order to get good effect and good colors on the final tile, factories use a lot of 

ink quantity. It makes the tiles costlier and decreases the margin of company. Due to high cost of inks 

and special effects, the suitable printhead and the glaze is getting more importance. Specially on this 

study the focus point was getting with suitable glaze mat glazed porcelain glaze for reactive ceramic 

ink and increasing the color gamut of the glaze 

 

2.MATERIALS AND METHODS 

 

2.1 Preparation of Glazes/Tiles 

For this study many ceramic glazes have been prepared. Using with ceramic glaze raw 

materials like clay, kaolin, Sodium feldspar, Potassium feldspar, quartz, barium carbonate, dolomite, 

wollassonite, alumina oxide, Zirconium silicate, Zinc oxide, nepheline syenite, calcite and frits.  

The glazes have been prepared in Ceramic jars   with 500 grs of Alumina balls and balanced 

200 grs of each glaze.  The glazes residue are 1-2%  (45 micron or 325 mesh sieves  residue over sieve 

) .  After glazes have been applied to tiles using airless method using a spray gun according to 600 gr 

/sm2 and 1,600 gr/lt density.  The prepared tiles printed with same image in order to see difference on 

tonality. Firing conditions are 1200 
0
C and 60 mins on Sacmi Killns. After seeing the tonality, the 

color profiles have been prepared with i1profiler profiling program. The colors drop volume 12pl and 

the reactive effect drop volume is also 12 pl.  

 

2.1 Seger Analyse of Suitable Glaze Formulas 

 

 
 

 Table-1: Seger analyses of suitable glaze formulations 

 

Amongst 15 different formulation and approaches 3 formulas were suitable and have better 

reactive ink development.  On theses formulation, the different types of frit also checked.  The standart 

glaze is normal production glaze for glazed porcelain tiles.  Fritt 1 is opaque mat frit for glazed 

porcelain technology and frit 2 is Ba-Zn Mat frit for glazed porcelain conditions. 

 

3. RESULTS AND DISCUSSIONS 

It is also very much important that to get similar glaze to standard glaze in terms of thermal 

coefficient values, heating behaviors.   Therefore Xrf, Heat Microscope and dilatometric values, color 

values and color gamut have been checked for glazes.   
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 The most suitable glaze for reactive effect was Glaze 15 

3.1 Color Coordinates  

 

   

  BLUE BROWN YELLOW BLACK BEIGE PINK BASE 

  L-a-b   

GR-

STD 

46.26 46.98 89.44 29.63 82.89 73,04 91.97 

6.63 26.8 -5.52 2.73 2.7 22,47 -0.75 

-34.01 29.46 31.08 5.04 30.11 6.2 2.23 

GR-

15 

45.94 42.65 87.77 23.96 81.6 69.62 92.76 

6.66 28.66 -3.65 2.14 5.16 26.43 -0.84 

-34.4 31.02 38.74 5.63 35.61 7.79 2.87 

 

Table-2 : Colorr coordinates %100 batches printed on Digital printer , values after firing and 

measured       with i1 Profiller 

 

After the measurements on Glaze 15 color developments are better than standard glaze color 

development. Glaze 15 is more whiter glaze than standard glaze. 

 

3.2 Heat Microscope 

 
Fig-1: Heat Microscope results  

 

Glaze 15 has very close heating microscope result to standard glaze. These values show us 

both glazes can perform on same factory conditions. Glaze11 and Glaze 13 have more harder glazes 

comparing with Glaze 15.  

3.3 Dilatometric Analyses  

  

91



 

 

               
            

Fig-2  : Dilatometric result of Glazes 

Glaze 15 has similar dilatometric results with standard glaze which means it can be use on 

similar conditions like standard glaze.  

 

 

3.3 XRF Analyses 

 

  STD GR11 GR13 GR15 

SiO2 43,79% 50,52% 47,44% 46,93% 

CaO 18,82% 11,35% 7,37% 15,11% 

Al2O3 18,21% 17,80% 16,83% 12,41% 

ZrO2 9,14% 6,66% 6,59% 11,91% 

ZnO 4,79% 5,11% 5,12% 3,67% 

MgO 2,14% 0,25% 2,48% 2,45% 

Na2O 1,07% 1,95% 2,05% 2,02% 

B2O3 0,89% 0,26% 1,13% 2,45% 

K2O 0,42% 2,58% 2,62% 1,66% 

P2O5 0,29% 0,29 0,29% 0,31% 

Fe2O3 0,21% 0,26 0,21% 0,20% 

TiO 0,10% 0,079 0% 0,05% 

BaO   2,77 7,72% 2,04% 

Table-3 : Xrf Analyses of Glaze 

 

 As informed before the best reactive effect glaze was Glaze 15. This xrf analyses showed us 

that decreasing Al2O3 is increasing reactive effect, increasing ZrO2 is increasing reactive effect, on 

similar level of ZrO2 and Al2O3 , CaO level is getting importance. On this situation CaO decreases 

reactive effect is increasing.  This analyses is also showed that the good reactive effect can be obtain 

when the CaO , Al2O and ZrO2 on closer levels like Glaze 15.  
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3.3Profile, Print and Gamut Comparison 

 

  

    
 

Fig-3 Gamut Volume of Standard Glaze   Fig-4 Gamut Volume of Glaze15  

 

 The CMYK profiles have been prepared with Blue-Brown-Beige-Black sequence with 150 ink 

limit (the color limited due to getting more color gamut) on i1 profile maker After the creating icc 

profiles for both glaze, gamut volume calculated with ColorThink Pro 3.0.3 program and gamut 

volume doubled with glaze 15.   

 According to this result, ink consumption decreases significantly and the same reactive effect 

can be obtained half of reactive ink consumption 

 

 

 

3.4. Cost Calculation of Glazes 

According to glaze cost calculation Glaze 11 has %20, glaze 13 has %15 and glaze 15 has 

%25 more cost than the standard glaze.   

 

 

3.5. Ink Consumption 
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Table-4 : Ink Consumption for same product made with Standard glaze and Glaze 15 

 

        Total ink consumption decreased %54.34 reactive ink consumption decreased %66. 

 

 

 

3.5. Final Cost Calculation of product 

 

               The final product cost decreased %16 only in this product. When we analyze the all product 

of the companies it is clear that the benefit of companies will be increase significantly  

 

 

4.CONCLUSSIONS 

            Using with suitable glazes, (even glaze cost is higher) the color gamut can increase %100, ink 

consumption can decrease %54, reactive effect ink consumption can decrease %66. The final product 

cost decrease.  Using suitable glaze also help to avoid ceramic faults which can be appear on high ink 

consumption, it helps drying time of inks, due to lower consumption of ink the voltages on printhead 

decrease and it brings more life for printheads.  The bigger gamut provides the designers to work with 

more colors and makes easy to be adjusting colors on designs. The decreasing ink consumption of 

effect inks gives more ability to designers to use this special effect more freely and to develop more 

spectacular tiles.  
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STD 

(gr/sm2) 

GR15 

(gr/sm2) 

BLUE 3.3 1.5 

BROWN 2.8 1.5 

BEIGE 3.9 2.5 

BLACK 0.9 0.4 

REACTIVE 7.5 2.5 

TOTAL 18.4 8.4 
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Abstract 

Utilization of process and mining wastes in the production of various traditional ceramic products such 

as tiles, bricks, frits and concrete has recently become contemporary based on the benefits on both 

industrial and environmental issues. Rheology of ceramic materials is mainly controlled by the amount 

metal oxides present in their composition. Considering the varying amounts and types of metal oxides 

existing in waste compositions, the addition of wastes accompanies modifications to be made on the 

initial composition. In this study, rheological properties of boron waste containing porcelain tile 

compositions were investigated, implementation of boron wastes into the compositions were 

formulated and rheological effects of oxides in the content of boron wastes and different types of 

deflocculants were explained. Used boron wastes mainly included B2O3 (14-31%), CaO (25-52%) and 

MgO (up to 9%), hence the effects of these particular oxides on the rheology were investigated in 

detail. Development of waste-containing porcelain compositions were carried out in respect with the 

Seger formulations of the initial standard composition. The study presented has cleared the problems 

may be faced with the rheology of a boron waste containing porcelain slurry and submitted a different 

look on the effects of waste utilization on rheology in ceramic production. 

Keywords: Porcelain tile, boron waste, rheology, viscosity 

1. Introduction 

Porcelain is a hard, fine-grained, dense and usually translucent and white ceramic material that 

essentially contains kaolin, quartz, and a feldspathic rock and is fired at temperatures higher  than 

1180 °C [1]. Owing to its both physical and chemical properties, porcelain is considered suitable 

for several unrelated areas such as decoration, construction, biomedical, electrics. For the porcelain 

tiles, they are used for both constructional and architectural purposes where durability and visuality 

are of major significance. 

In 2016, total of 13,056 million m
2
 of ceramic tiles were manufactured globally and Turkey has a 

2.5% share in this production[2]. This massive production is mainly consists of 3 groups of tiles 

which are floor, wall and porcelain. Sintering or firing is the most energy-intensive stage of 

ceramic tile production which takes place at elevated temperatures[3,4]. Different kinds of fluxes, 

glass-formers and additives are employed in the sintering stage in order to decrease sintering 

temperature to achieve cost-efficient firing systems.  

B2O3 is an effective glass-former present in the structure of boron mining and enrichment wastes in 

high amounts (16-31%) together with CaO (25-52%) and MgO (up to 9%). Addition of boron 

wastes into the porcelain tile composition allows B2O3 to enter the system as a fluxing agent to 

decrease the sintering temperature of the tile. Although, it causes total amounts of alkiline and 
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alkiline earth oxides to change in the porcelain composition. Rheology of a ceramic slurry is 

controlled by the total amounts and ratios of metal oxides present in the composition, so each 

addition into the composition should be done respecting the Seger formulations of the initial 

composition. Because rheological properties such as viscosity and thixotrophy are of major 

importance in the production and in the quality of the final product. 

In this paper, rheological behaviour of boron waste containing porcelain tile slurries were 

investigated, composition modifications to stabilize the rheology were explained.  

2. Materials and Methods 

In this study, six different boron wastes, coded as A1, A2, A3, A4, A5 and A6, were used. Four of 

these wastes (A1, A2, A3 and A4) were provided by the mine extracting facilities of Eti Mine and 

the remaining two (A5 and A6) were provided by borate enrichment facilities of Eti Mine. The 

chemical compositions of the wastes and the standard porcelain tile, coded as PT-STD, were 

obtained by X-ray fluorescence (XRF) spectroscopy, given in Table 1. and Table 2. respectively.  

Table 1. Chemical compositions of the boron-rich mining and enrichment wastes 

Oxides 
(wt%) 

A1 A2 A3 A4 A5 A6 

SiO2 10.25 19.81 16.98 17.13 0.39 1.28 

Al2O3 0.34 0.72 0.57 0.31 0.11 0.63 

Fe2O3 0.19 0.33 0.24 0.31 0.13 0.13 

B2O3 20.41 18.41 21.20 16.37 29.52 31.11 

CaO 34.18 25.34 23.31 31.28 52.75 33.41 

MgO 3.70 8.96 8.82 7.32 0.80 0.60 

K2O 0.04 0.13 0.12 0.17 0 0.03 

Na2O 0.17 0.57 1.34 0 0.81 0.90 

P2O5 0 0.04 0.01 0.03 0.01 0.01 

SnO2 0 0 0 0 0 0.338 

Cr2O3 0 0 0 0 0 0.03 

BaO 0 0.23 0 0 0 0 

*L.O.I. 30.17 24.11 24.97 25.43 14.68 30.74 

         *Loss on Ignition 

Table 2. Chemical composition of the standard porcelain tile 

Oxides (Wt%) 

L.O.I.* 7,37 

SİO2 67,11 

Al2O3 18,03 

Fe2O3 0,41 

B2O3 0,00 

TiO2 0,41 

CaO 2,48 

MgO 0,88 

Na2O 2,36 

K2O 1,44 

P2O5 0,05 

Total % 100 

                                                                    *L.O.I. Loss on Ignition 
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Depending on the obtained chemical composition of PT-STD, it was seen that the structure 

included high  amounts of SiO2 and Al2O3 but lower amounts of CaO and MgO. Concerning the 

high CaO and MgO present in the boron waste structures, additions in big amounts may create 

obstacles in the means of rheology, so the additions were kept in small amounts (up to 10%).  

Firstly, all the raw materials were dried in a drying oven (Nüve FN 400) for 24 h 100 °C, then 

dried solid mixtures of 500 g were poured into a milling cap along with water and deflocculant. 

Then, the slurry was ball milled (Ceramic Instruments Rapid Mills-Moduler System SD Series) 

using alumina balls to yield a particle size of 45 μm. The density of the slurry was obtained by a 

pyknometer (TQC VF2097) and was compared with the standard value for ceramic tiles (1648-

1782 g/lt).Then a rheological study was applied on the acquired slurry to obtain the amount of 

deflocculant needed to provide the optimum viscosity and thixotrophy characteristics . The 

optimum viscosity and thixotrophy of a slurry is the minimum reachable values for those 

properties. The amount of the added deflocculant varies due to different amounts of oxides in the 

composition but the optimum (minimum reachable) value is controlled by the ratios between the 

oxide groups, in other words “Seger” formulations. Because the fluidity of a slurry is highly 

relevant with average specific gravity, so if the ratios can be kept constant as they kept in this 

study, rheology of the modificated compositions will not differentiate from each other. Differences 

between the added deflocculant amount is only caused by the changing amounts of the raw 

materials, so the rheological study was carried out both to understand the effects of certain oxides 

on rheology and to find out the exact deflocculant amount needed to reach the desired viscosity and 

thixotrophy values for every composition 

After each consecutive addition of deflocculants (0.1, 0.2 mg depending on the difference between 

the measured and desired viscosity values), added deflocculant was dispersed homogenously at 700 

rpm for 3 min using a mixer (IKA RW 20 Digital). 

After each mixing step, the viscosity was measured using a rotational viscometer (Brookfield Dial 

Reading). This process continued until a viscosity within the range of 4.5-6.0 Poise was achieved.  

The optimum amount of deflocculant for every composition was calculated according to Eq.  1. The 

flow chart of porcelain tile experimental procedures are given in Fig.2.  

Total  Added  Deflocculant  Amount  

Total  Solid  Amount
 × 100 =  Optimum Deflocculant Amount %             (Eq. 1)                                                                                       

 

 

                

Fig. 2. Flow chart of the experimental procedure applied to the PT bodies. 

 

Drying of the raw 
materials (100 oC - 24h)

Weighing and blending 
of the raw materials

Milling (30 mins), 
Measurement of density

Rheological Study
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3. Results and Discussion 

 

3.1. Formation of new compositions  

The “Seger” tables are globally used as a composition standardisation method in ceramics industry. 

Forming of the Seger tables, or formulations, was accomplished by calculating the oxide ratios 

SiO2/Al2O3, Na2O/K2O and MgO/CaO as well as the total amount of alkiline earth metals and total 

amount of R2O3.  

Development of boron waste containing porcelain tile compositions were transferred into practise 

respecting the Seger formulations of the PT-STD[5]. Seger tables of the prepared compositions were 

given in Table 3. along with PT-STD’s. As can be seen, both oxide ratios and total alkiline amount 

were achieved to be similar to same with those of PT-STD composition. In order to acquire that, all of 

the calcite (source of CaO) present in the PT-STD was removed from the compositions. As mentioned 

before, employed boron wastes are rich in CaO, so they became the only source of CaO instead of 

calcite. 

Table 4. Seger formulations for the waste-containing PT compositions in comparison with that of PT-

STD 

 SiO2/Al2

O3 

Na2O/K2

O 

MgO/Ca

O 

B2O

3 

Total 

Alkaline 

Total 

R2O3 

PT STD 6,327 2,489 0,495 0,00

0 

0,12

0 

1,29

5 PT1-A6 6,326 2,497 0,547 0,03

9 

0,11

6 

1,29

6 PT2-A6 6,325 2,505 0,610 0,08

0 

0,11

2 

1,29

6 PT3-A6 6,322 2,446 1,252 0,12

0 

0,11

2 

1,29

4 PT4-A6 6,316 2,461 0,803 0,16

3 

0,11

0 

1,28

9 PT5-A6 6,320 2,369 0,682 0,19

6 

0,11

4 

1,27

6 PT1-A5 6,327 2,526 0,507 0,13

7 

0,12

1 

1,62

2 PT2-A5 6,311 2,511 0,283 0,21

0 

0,15

4 

1,33

8 PT3-A5 6,255 2,533 1,562 0,06

9 

0,12

3 

1,29

4 PT1-A1 6,377 2,496 0,620 0,14

0 

0,12

3 

1,57

7 PT1-A2 6,547 2,572 0,509 0,18

2 

0,11

9 

1,63

9 PT1-A3 6,500 2,600 0,540 0,21

9 

0,11

9 

1,67

3 PT1-A4 6,450 2,471 0,531 0,12

8 

0,11

9 

1,61

0  

3.2. Effects of certain oxides on porcelain slurry rheology 

During the rheological study, it was determined that the increase in the amount of BW addition, 

increased both viscosity and thixotrophy of the compositions respectively. This change in viscosity 

and thixotrophy was the result of flocculation mechanism. Regarding the amount of BW used, CaO 

content of the compositions were also affected. Ca
2+

 is the most effective flocculating cation in all 

soil-based materials, meaning compositions including high amounts of Ca
2+

 cation are tend to 

flocculate. In this case, it can easily be said that, increasing amounts of BW addition caused an 

high Ca
2+ 

concentration in the slurry, which resulted as flocculation and further, increase in 

viscosity[6]. 

Similar to Ca
2+

, Mg
2+

 is also a strong flocculating cation. Likewise, addition of BW increased the 

Mg
+2

 concentration in the slurry and this resulted as an increase in viscoty and thixotrophy.  

3.3. Effects of used deflocculant type and amount on porcelain slurry rheology 
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The term "deflocculant" stands for a compund which, when added to scattered particles in 

suspension, provides a reduction in apparent viscosity. Deflocculants avert flocculation by 

increasing zeta potential and therefore the opposite magnetic forces between particles. Different 

types of deflocculants act in various mechanisms such as shifting pH, substituting flocculant 

cations with alkilines, adding a protective colloid and increasing the negative electrical charges on 

agrillaceous particles. Deflocculants can be used as a mixture if more than one mechanism is 

needed to prevent flocculation[7]. 

Sodium silicate is the main deflocculant used for the preparation of porcelain slurries . The ratio of 

SiO2 to Na2O can vary from 3.75:1 to 1:1 and is available in liquid or solid form. Sodium silicate 

increases the pH of the suspension, owing to hydrolisis, whereas the silicon separates out in the 

form of colloidal silica which also performs a role as protective colloid, according to the following 

reaction.  

Na2O.nSiO2 + H2O => nSiO2 + 2Na
+
 + 2OH 

Liquid sodium silicate including 24.7% SiO2 was firstly used to fluidify the BW-containing 

slurries.  But the deflocculation mechanism ensured by sodium silicate was not adequate to provide 

enough fluidity to the BW-containing slurries. Concentration of flocculating cations were too high 

for the sodium silicate to act as an effective fluidifier. Therefore, a more complete and effective 

deflocculant defined as polyacrylate sodium salt was introduced to achieve the desired rheological 

characteristics. Polyacrylates reduce interactive forces between particles, attaching themselves to 

those areas of the particles whose charge is responsible for the formation of three-dimensional 

structures, another mechanism of flocculation. Polyacrylates act more strongly than polyphosphates 

and polysilicates in reducing  thixotrophy and yield point, and, like them, are strong absorber of of 

polyvalent ions. Main reason for the introduction of sodium polyacrylate salt is to replace strong 

flocculating  cations (Ca
2+

 and Mg
2+

) with poor flocculating cation Na
+
.  

Viscosity-added deflocculant diagram of PT-STD composition is given in Fig. 3. As can be seen, 

approximately 1.4-1.7 ml sodium silicate is enough to deflocculate the standard porcelain slurry. 

 

Fig. 3. Viscosity-added deflocculant diagrams of PT-STD composition 

In Fig. 4 and Fig.5, viscosity-added deflocculant diagrams of the BW containing compositions 

were given. As can be seen, polyacrylate sodium salt and sodium silicate were used together in 

PT2-A6, PT3-A6, PT4-A6 and PT5-A6. The reason for the employment of two different 

deflocculants is to surpass the negative effects of excess Ca
2+

 cations joining into slurry by A6 

waste (CaO content 52.75%). As mentioned, mix of two or more deflocculants can support each 

other by providing different mechanisms to prevent flocculation. 
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Fig. 4. Viscosity-added deflocculant diagrams of porcelain compositions including boron-mining 

wastes (A1-A2-A3-A4). 

 

 

Fig. 5. Viscosity-added deflocculant diagrams of porcelain compositions including boron-

enrichment wastes (A5-A6). 
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4. Conclusion 

Rheological behaviour of BW-containing porcelain tile slurries were determined and main 

outcomes can be counted as; i) strong flocculating cations such as Ca
2+

 and Mg
2+

 are the main 

obstacles limiting the amount of BW addition into compositions, ii) typical deflocculants such as 

sodium silicate and other polyphosphate or polysilicates are not efficient enough to prevent 

flocculation in BW-containing porcelian slurries, iii) more complete and efficient deflocculants 

like polyacrylate sodium salt can be used as an active fluidifier and if it is still not effective, 

combination of different deflocculants can be used to set rheological properties.  

It was also determined that, rheological properties of a porcelain slurry can be controlled via using 

both Seger tables and different deflocculant types.  
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ABSTRACT 

In this study, some preliminary laboratory investigations were performed in order to investigate 

possible utilization of leather industry waste to increase porosity and provide lower thermal 

conductivity values without significant decrease of mechanical properties in ceramic wall tiles. For 

this aim leather industry waste derived from buffing process of chromium tanned leather was 

incorporated into ceramic tablets in various concentrations such as 1%, 3%, 5%, 7%, and 10%.  The 

effect of addition of leather waste on the properties of the resultant ceramic tablets were presented in 

comparison to the leather waste-free ceramic tablets. All tests specimens prepared under industrial 

conditions and fired at industrial roller kiln. Porosity, water absorption properties were examined 

according to 10545-3 standard, and breaking strength was examined according to 10545-4 standard. 

Incorporation of tanning wastes into ceramic matrices resulted in increase in porosity and decrease in 

thermal conductivity and mechanical properties as expected. Results obtained from this study revealed 

that homogeneous dispersion of leather waste in ceramic matrix should be improved to provide good 

thermal conductivity values without significant decrease of mechanical properties. 

Key words: leather waste, ceramic tile, porosity, heat transfer property 

 

 

1. INTRODUCTION  

The leather production industry generates large amount of solid tanned waste throughout tanning 

process, which converts raw skins and hides into leather. Among the tanned solid wastes, shavings and 

buffing dust from chromium-tanned leather, constitute an important part and pose environmental 

problems throughout their disposal. Although the characteristic of this waste depends on the process 

and the employed techniques, it is basically composed of protein, chrome oxide, ash, traces of 

chemical substances and water [1]. 

Management of leather solid wastes is difficult, and actual practice of its disposal includes its 

incineration and land codisposal. In the literature attempts have been made by researchers for finding 

alternative uses of these wastes, and numerous studies reported alternative processes to recycle and 

utilize them in different matrices [2]. Use of leather waste in production of building materials, to 

provide porosity and lower thermal conductivity was also reported [3].  

Ceramic technology can be considered as another option for rendering tannery wastes, as it enables 

destruction of organic matter and immobilize heavy metals in a stable matrix [4]. However, literature 

survey reveals that studies are limited and there are several researches reporting use of tannery sludge 

for clay products [5] and use of chromium rich ash obtained by incineration of leather waste, in 

ceramic pigment [6, 7]. Therefore, in this study an attempt has been made to investigate possible 
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utilization of leather industry waste, to increase porosity and provide lower thermal conductivity 

values without significant decrease of mechanical properties in ceramic tiles. For this aim leather 

industry waste was incorporated into ceramic tablets in various concentrations and the impact was 

investigated in terms of thermal conductivity, mechanical properties and water absorption properties 

of ceramic tiles. 

 

2. EXPERIMENTAL STUDIES 

Leather waste derived from buffing process of chromium tanned leather was collected from a leather 

factory. Wall tile granule and other materials used in composition of ceramic tile were provided from 

Usak Seramik Usak/Turkey.  

2.1. Preparation of ceramic tiles 

All tests specimens prepared under industrial conditions and fired at industrial roller kiln. For the 

experimental studies leather waste was incorporated into ceramic tablets in various ratios such as, 1%, 

3%, 5%, 7%, and 10%, and the tile masses were pressed using a uniaxial press in a 55 mm×110 mm 

die at 300 kg/cm
2
 pressure and then dried at 110 °C.  Finally fired at industrial roller kiln at 1125°C 

for 37 minutes (Fig. 1).  

 

 

 

 

 

 

Fig. 1. Fired ceramic tiles with different concentrations of leather waste 

The effect of addition of leather waste on the properties of the resultant ceramic tablets were presented 

in comparison to the leather waste-free ceramic tablets. Porosity, water absorption properties were 

examined according to 10545-3 standard, and breaking strength was examined according to 10545-4 

standard. Heat transfer coefficient was measured with QTM (Quick Thermal Conductivity Meter)-500. 

3. RESULTS AND DISCUSSION 

The effect of leather waste incorporation into ceramic tile composition, on dry strength and fired 

strength test results were given in Fig. 2 and Fig. 3 respectively. Mechanical properties of standard 

ceramic tiles without any waste addition were also presented. 
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Fig. 2.  Effect of leather waste addition concentration on dry strength of samples 

 

Fig. 3.  Effect of leather waste addition on fired strength of samples 

The results showed that introduction of buffing dust waste from chrome tanned leather into ceramic 

tiles decreased mechanical performance of final material with increasing waste addition ratios. Even 

with a 1% addition ratio fired strength value was reduced by nearly 30%, and reached maximum 

reduction at 10% addition ratio by 78%. 

The effect of leather waste incorporation on water absorption properties of ceramic tiles were given in 

Fig. 4. As expected and in line with previously published papers, increasing concentrations of leather 

waste addition enhanced water absorption of ceramic tile samples, and provided the highest value with 

a 60% increase at 10% of leather waste addition in comparison to ceramic tile without any waste 

addition. 
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Fig. 4. Water absorption values of samples versus leather waste concentration 

 

Figures 5 and 6 show the mean values of the physical testing of apparent porosity and bulk density of 

the ceramic tile compositions. 

 

 

Fig. 5. Mean values of apparent porosity 

 

Apparent porosity was increased with increasing leather addition concentrations and reached highest 

with a nearly 60% increase at ceramic samples with 10% leather waste. Analyses of bulk density 

showed that values are decreased with increasing percentage of leather waste.  
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Fig. 6. Mean values of bulk density 

 

 

Results obtained from heat transfer coefficient measurement tests were presented in Fig. 7.  Heat 

transfer coefficient values of ceramic samples were decreased by increasing leather addition 

concentration, especially significant decrease was observed at samples with 7% and higher leather 

waste content. 

 

 

 

 

Fig. 7. Effect of leather waste addition on heat transfer coefficient of samples 
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4. CONCLUSION 

 

In this study preliminary experiments were carried out to investigate the possibility of incorporating 

leather waste in ceramic tiles and to evaluate its effect on properties of final material. Addition of 

leather waste into ceramic wall tiles improved porosity, heat insulation performance of ceramic tiles. 

 

Considering the results obtained from this study incorporation of leather waste at 1% ratio in the 

production of ceramic tiles can be a potential use for this types of waste, as it provides comparable 

results to standard values in terms of fired strength and water absorption values. However, increasing 

concentrations of waste resulted in significant decrease of mechanical properties especially at fired 

strength of tiles. 
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Abstract 

Structure-property relationship has great importance in materials science. The microstructural 

features e.g. present phases and their distributions and crystal orientations have an impact on the 

material properties. For characterization of structural features stated above, electron backscatter 

technique (EBSD) is widely used by scanning electron microscopes (SEM); however, due to the 

resolution limits of this method, transmission electron microscope (TEM) based advanced methods 

like precession electron diffraction (PED) method had been developed for phase and orientation 

mapping at high resolution. In this study, phase and orientation mapping were carried out for the 

characterization of orientation relationships between in-situ formed and matrix phases as well as phase 

identifications of various ceramic composites such as βSiAlON–cBN, SiC–hBN, and B4C–TiB2 were 

characterized. Samples were prepared by various pressure assisted sintering methods like spark plasma 

sintering and hot pressing. In order to reveal answer of the question of “Is there any orientation 

relation present in the ceramic composites?” PED method was utilized and obtained results will be 

given and discussed. Phase and orientation maps were obtained by scanning a nano sized probe over 

an area with a certain precession angle. 

 

1. Introduction 

Structure and property relationship is an important constituent of the materials tetrahedron since it 

directly affects the performance of material. Therefore, microstructural characterization become a very 

important step to understand link between structure and property. Properties of the materials can be 

modified with different production methods. For example, pressure assisted sintering methods and 

pressureless sintering methods resulted with different microstructures that can affect the material 

properties. Pressure assisted methods resulted with texturing of the grains with preferred orientation 

that might change material properties such as toughness, electrical and thermal conductivity. Because 

of the significant effects of microstructural features on the bulk properties as stated above, 

characterization of these features has become very important. In the literature, there are several 

different methods for the characterization of orientation relations within microstructure. For example, 

x-ray diffraction can be used; however, this method only provides information about the average of the 

sample and cannot be used for the local orientation characterizations. For the characterization of local 

orientation information of a specific area within the microstructure, SEM-EBSD technique can be 

used. SEM-EBSD method can provide orientation information up to a certain resolution limit that is 

50-100 nm, depending on the material and accelerating voltage [1]. But it is a well-known fact that, 

microstructural features below 100 nm has also great influence on the material properties. For the 

characterization of these features TEM based methods should be used and the only method allows 

users to scan a custom region of interest over TEM sample is the precession electron diffraction 

method with very high resolution (down to 1 nm). Here TEM-PED method was used for the 

characterization of orientation relations between present phases in SiC–hBN,  
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βSiAlON-cBN and B4C–TiB2 ceramic composites as well as phase identification in B4C–TiB2 via 

automated orientation mapping.  

2. Materials and Methods 

In this study, βSiAlON–cBN ceramic composite sample was produced by the mixing of starting 

powders (Si3N4, Al2O3, AlN, Y2O3 and cBN) by using planetary ball mill within alcohol media. The 

dried and sieved powder mixture was sintered with SPS at 1650°C for 3 minutes under 50 MPa 

pressure.  

Characterizations of the microstructures were conducted by using scanning electron microscope 

(SEM) and transmission electron microscope (TEM). SEM studies were conducted by using Zeiss 

Supra 50VP field emission SEM attached equipped with energy dispersive X-ray (EDX) at 15keV 

accelerating voltage. SEM samples were prepared by using conventional mechanical polishing method 

with diamond solutions and polishing discs. Imaging of the samples were done by using either 

backscattered electron (BSD) or in-lens detectors. TEM samples were prepared by conventional TEM 

sample preparation as well as focused ion beam (FIB) methods and prepared samples were 

characterized by using JEOL
TM

 JEM 2100F field emission transmission electron microscope (TEM) 

was used. The TEM was operated at 200 keV accelerating voltage and it is equipped with Fischione 

3000 STEM high angle annular dark field (HAADF) detector and Gatan
TM

 bright field (BF) detector, 

as well as JEOL
TM

 JED2300T energy dispersive X-ray spectrometer (EDX) and Gatan
TM

 GIF Tridiem 

electron energy loss spectrometer (EELS). Precession electron diffraction unit from NanoMEGAS
TM

 

with Digistar P1000 scan generator and ASTAR V2 software package was retrofitted to this 

microscope 

 

3. Results and discussion 

3.1. βSiAlON–cBN Ceramic Composites 

The SiAlON ceramics, which are formed by the substitution of Si and N with Al and O within 

Si3N4 crystal structure, is an important engineering ceramic thanks to its great mechanical properties 

and they used in numerous applications such as ball bearings and cutting tools. In order to improve the 

wear performance of the SiAlON ceramics, incorporation of various secondary phases such as cBN, 

SiC and TiC were tried in the literature [2-4]. cBN is one of the promising additive for SiAlON 

because it was reported that it improves both hardness and fracture toughness of the SiAlON matrix.  

In the literature there are several different studies about sintering and mechanical properties of 

βSiAlON/cBN composites and according to these studies cBN phase transformation into hBN phase 

occurs during sintering. Even though there are several studies about this composite system none of 

these studies [3, 5, 6] were focused on the characterization of possible orientation relations between 

cBN and hBN phases that might occur during SPS. In the literature, it is reported that hBN particles 

can be textured during pressure assisted sintering methods like SPS or HP [7, 8]. In this part of this 

work, orientation characterization between cBN and hBN phases to search for the question of “Is there 

any orientation relation between cBN and hBN?” were conducted for the first time by using TEM 

methods. 

SEM-BSE images given in Figure 1 showed that there is a ~200-500 nm thick transformation 

layer around cBN particles. For the detailed analyses of the transformation layer FIB prepared sample 

was characterized with TEM methods. TEM images given in Figure 1 showed that morphology of the 

grains within transformation layer have both conventional plate-like and irregular/random morphology 

depending on the position within transformation layer. This morphology change can be explained by 

the volume expansion occur during cBN to hBN transformation [5]. At the beginning of the 

transformation, hBN particles can grow freely due to lack of any constrain; however, as transformation 

continues with the volume expansion within a limited space particles grow with an irregular 

morphology. STEM-HAADF image also showed that sintering additive phase is present around the 

particles in transformation layer. In order to investigate the possible orientation relations between cBN 

and hBN particles, orientation maps were obtained by using TEM-PED method. According to 

orientation maps, it was found that there was no specific orientation relation between phases. One 

reason for this behavior is the overlapping of both phases at the intersection and these particles were 

indexed as cBN, even though both phases were present. Other reason could be the transformation 
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mechanism, which is solution and precipitation from the liquid phase around cBN particles [3]. 

Presence of liquid phase might prevent the effect of cBN orientation.  

 

  
(a)                                                       (b) 

  
(c)                                                     (d) 

  
(e)                                                        (f)  

Figure 1. (a, b) SEM-BSE images, (c) TEM and (d) STEM-HAADF images, (e) phase map 

(green:hBN, red:cBN) and (f) orientation map of βSiAlON/cBN.  

 

3.2. SiC-hBN and B4C–TiB2 Ceramic Composites 

Silicon carbide (SiC) is an important high temperature ceramic material thanks to its properties 

like high elastic modulus, high chemical and thermal stability and high strength at elevated 

temperatures. Due to its great mechanical properties, it is hard to obtain complex geometries by 

machining. In order to improve the machinability of this type of ceramics, addition of secondary phase 

to obtain ceramic composite structure is used and hexagonal boron nitride (hBN) is a possible 

candidate due to its high temperature stability and machinability properties. It is reported that hBN 

addition, improve the machinability of SiAlON and Si3N4 ceramics [9]. One of the major problem to 

obtain SiC-hBN composite is the difficulty to obtain homogeneous distribution of secondary phase by 

conventional mixing methods. Homogeneous distribution of the secondary phase particles can be 

obtained with in-situ hBN synthesize approach during sintering. In this study, SiC-hBN composite was 

obtained with in-situ formation of hBN particles and details of the sample production is given in 
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materials and methods section. In the literature, there are several different composites produced with 

in-situ formation method and in these studies, it is reported that in-situ formed particles may have 

special orientation relation with the host structure. [10, 11]. In order to characterize the orientation 

relations between SiC and hBN particles, novel TEM-PED method was successfully used for the first 

time. The results of this study will be published and can be accessible from Z. Yilmaz, U. Savaci, S. 

Turan, N. Ay “Synthesis and properties of SiC- hBN composites” article.  

Boron carbide (B4C) is an important ceramic material due to its extreme hardness and chemical 

properties [12]. Extreme hardness of this material comes with a disadvantage during densification. 

Due to the very high bond strength between atoms it is hard to densify with pressureless sintering 

methods. To obtain high density bulk products, sintering additives like TiB2 is added to B4C [13, 14]. 

Even though the sintering additives improve the densification during pressureless sintering, the 

sintering temperatures are about 2250°C. In order to decrease the sintering temperatures, pressure 

assisted sintering methods like SPS and HP are used [15, 16] for the densification of B4C containing 

ceramics. Here B4C–TiB2 ceramic composites produced with R-SPS and HP methods will be 

characterized to understand orientation relations between phases and phase identification of the 

present phases, respectively, by using TEM-PED method. The results of this study will be published 

and can be accessible from U. Savaci, S. Failla, D. Sciti, S.Turan “Microstructural characterization of 

solid solution formed during hot pressing of B4C-TiB2 composites doped with WC” article.  

 

4. Conclusions 

In this study, TEM-PED method was conducted successfully for the characterization of the 

orientation relations between present phases as well as phase identification of SiC-hBN, B4C-TiB2 and 

βSiAlON–cBN ceramic composites. According to the TEM-PED analyses there are several different 

conclusions can be made; 

(i) Orientation relations between cBN and hBN transformation layer was conducted in βSiAlON/cBN 

composite sample. However, it was found that there was no specific orientation relations between 

phases, possibly caused by growth of hBN particles from liquid phase with the solution and 

precipitation mechanism. Overlapped grains within the transformation layer significantly decrease 

the reliability of the results, which is a disadvantage of TEM-PED method.  

(ii) In the SiC-hBN and R-SPS’ed B4C-TiB2 composites, orientation relations between in-situ formed 

phases were successfully identified by using TEM-PED method. In addition to these studies, phase 

identification and phase analysis of the solid solution formed during hot pressing were 

successfully carried out  

This study showed that orientation and phase mapping of the ceramic composites can be conducted 

with high resolution for the orientation relation and phase identification analyses by using TEM-PED 

method.  
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Abstract 

Quartz has different polymorphic forms troubling with shrinkage and expansion behavior in ceramic 

products. In this study was investigated polymorphic transition of quartz according to sintering in 

different ceramic furnace having different atmosphere and temperature. Phase transition of quartz 

samples were determined by X-Ray diffraction and Rietveld method. It has been determined based on 

the crystal structure of quartz samples and the oxides it contains that they are effective in the 

development of the cristobalite phase. Highest cristobalite phase ratio was determined as a result of 

firing the transparent quartz sample at a temperature of 1340°C. It was found out that the accordance 

of the quartz used to the kiln conditions should be decided based on phase analyses after firing.  

Keywords: Porcelain, Quartz, Polymorph, Firing 

1. Introduction  

Quartz which is one of the main raw materials of ceramic materials may cause deformations on 

polymorph transformation products according to the heat regime in kilns depending on the particle 

size and crystal structure. Hence, the accordance of quartz used with the firing regime should be 

controlled [1,2]. Quartz has a trigonal crystal balancing is attained by Li
+1

 and Na
+1

 cations [3]. The 

polymorphs of quartz are beta-quartz, tridymite and cristobalite. Quartz slowly transforms to tridymite 

and cristobalite when heated [4-7]. However, cation addition or the presence of cation in the structure 

may speed up these transformations.  While Ca, Mg, Fe and Ba are effective in cristobalite formation 

[8-10], alkali ions are effective in tridymite formation [11-14]. However, the Al
+3 

and Ti
+4

 cations are 

not effective in these transformations. Indeed, Al
+3

 has a tendency to prevent or slow down these 

quartz transformations [15,16]. Therefore, the presence of these cations and their ratios during quartz 

formation has significant impacts on quartz transformations and their stability. In this study, the 

changes in the crystal structures of 4 different quartz minerals upon firing at different temperatures in 

kilns along with the quartz transformations that took place were determined in addition to examining 

the crystal lattice parameters. 
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2. Materials and Method  

The 3 quartz samples used in the studies were selected from among those used in ceramic products 

and one quartz samples was selected as single crystal transparent quartz. Quartz samples were fired in 

facility kilns at reductive atmosphere in 980°C biscuit kilns and in 1340°C glaze kilns at an oxidative 

atmosphere in 1000°C and 1080°C biscuit kilns and in 1260°C and 1120°C glaze kilns. The chemical 

analyses of the quartz samples were carried out in Spectro X-Lab Pro 2000 XRF device. Mineralogical 

and phase analyses were carried out using the Rigaku Miniflex Brand XRD device located at the 

Kütahya Dumlupınar University Metallurgy and Material Engineering department. Rigaku X-ray 

Diffractometer model Rint 2000 device was used for the phase analyses of the samples. Phase analyses 

were carried out under conditions of 30 kV and 15mA (Cu-Kα, λ=1,541 A
0,
 2θ 5-70º, 2º/min.). MDI 

Jade6.00 software was used for phase determination and MAUD 2.80 crystal analysis software was 

used for crystal calculations.  

 

3. Results  

3.1. Chemical Analyses  

The oxide ratios of the quartz samples used have been given in Table 1. It was determined that the 

Al2O3 content of Quartz B and Quartz C samples was 5.20 % and 4.58 % respectively.  

 

Table 1. Chemical analyses result of the Quartz samples  

Oxides 
Ratio at weight (%) 

Quartz A Quartz B Quartz C Quartz D 

Na2O 0,08 0,09 0,08 0,08 

K2O 0,14 0,54 0,30 0,01 

Al2O3 0,10 5,20 4,58 0,10 

SiO2 99,19 91,31 92,42 98,51 

CaO 0,08 0,05 0,13 0,63 

TiO2 0,01 0,65 0,08 0,01 

Fe2O3 0,14 0,40 0,14 0,05 

MgO 0,05 0,05 0,05 0,10 

LOI 0,20 1,69 2,06 0,42 
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3.2. Mineralogical Analyses  

X-Ray diffraction parameters of raw quartz samples have been given in Figure 1. It was determined 

based on the mineralogical analyses of the Quartz samples that quartz A (Figure 1A) and quartz D 

(Figure 1D) samples contain quartz. Other quartz B (Figure 1B) and quartz C (Figure 1C) samples 

include a small amount of kaolinite together with quartz.   

 

Figure 1. X-Ray diffraction patterns of raw quartz samples. 

 

 

115



 

 

3.3. Phase analyses after firing  

The X-Ray diffraction patterns indicating the phase analyses of quartz samples after firing at 980°C 

temperature in a biscuit kiln under reductive atmosphere have been given in Figure 2. It was 

determined following firing in biscuit kiln that all quartz samples have only quartz. The coding used 

for the Quartz samples have been given as quartz A (Figure 2A), quartz B (Figure 2B), quartz C 

(Figure 2C) and quartz D (Figure 2D).  

 

Figure 2. X-ray diffraction patterns of quartz samples fired in biscuit kiln (980°C)  
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It was determined after firing the Quartz samples in a glaze kiln at 1340°C under a reductive 

atmosphere that the cristobalite phase developed. While the peak indicating the (101) plane of 

cristobalite was observed clearly for the cristobalite that developed in the quartz A (Figure 3A) and 

quartz B (Figure 3B) samples after firing, the peaks indicating the (111) and (102) planes were not 

observed as clearly. It was determined in both quartz samples that cristobalite developed on the (101) 

plane. It was found out in other quartz C (Figure 3C) and quartz D (Figure 3D) samples that the peaks 

indicating the (100) plane of quartz decreased and that the peak indicating the (101) plane of the 

developing cristobalite increased in intensity and that the other (111) and (102) plane peaks were also 

distinctive. The cristobalite that forms during firing remains stable since rapid cooling takes place in 

glaze ovens. The reason for this shift is the change in the lattice parameters or the impacts of stress 

that develops in the crystal structure. 
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Figure 3. X-ray diffraction patterns of quartz samples fired in glaze kiln (1340°C)  

 

Small amount of cristobalite formation was determined in quartz samples fired in biscuit kiln at 

1000°C under oxidative atmosphere and in glaze kiln at 1260°C excluding the Quartz A (Figure 4A) 

sample. While the peaks of cristobalite that is formed in the Quartz B (Figure 4B) sample are not very 

distinct, the peaks indicating the (101) plane of cristobalite became more distinct in quartz C (Figure 

4C) ad quartz D (Figure 4D) samples.  
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Figure 4. X-ray diffraction parameters of quartz samples fired in biscuit (1000°C) and glaze (1260°C) 

kilns   

 

No cristobalite formation was observed in the samples fired at 1080°C in biscuit kiln under oxidative 

atmosphere and at 1120°C in the glaze kiln (Figure 5). It was determined that the peak indicating the 

(101) plane for the quartz B sample shifted to the right.  
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Figure 5. X-ray diffraction patterns of quartz samples fired in biscuit (1080°C) and glaze (1120°C) 

kilns  

3.4. Rietveld analysis of the Phases  

Mineralogical and phase analyses of the raw and fired samples were carried out via MAUD Crystal 

software based on the Rietveld method. The phase ratios calculated for the raw and fired quartz 

samples have been given in Table 2. No phase formation was observed in addition to the quartz 

following the firing of quartz samples in biscuit kiln at 980°C under reductive atmosphere and in 

biscuit kiln at 1000°C and 1080°C under oxidative atmosphere and in glaze kilns at t1120°C. 
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However, cristobalite phase formation was observed in the samples fired in glaze kiln at 1340°C in 

reductive atmosphere and in glaze kilns at 1260°C under oxidative atmosphere. The rapid cooling 

applied in glaze kilns in order to ensure that the surface is bright plays a role in the cristobalite to 

remain stable. The highest cristobalite ratio after firing in a glaze kiln at 1340°C under reductive 

atmosphere was about 37 % in quartz D sample. Whereas the lowest cristobalite ratio was about 8 % 

in quartz A sample. Less cristobalite formation was observed in samples fired in biscuit kiln at 1000°C 

under oxidative atmosphere and in glaze kilns at 1260°C in comparison with the samples fired in glaze 

kilns at 1340°C under reductive atmosphere. While cristobalite formation is not observed in the quartz 

A sample fired in biscuit kiln at 1000°C under oxidative atmosphere, highest cristobalite formation 

was 3 % in the quartz D sample.  

 

Table 2. Phase analyses of Quartz samples  

Samples Phases 

 Firing Atmosphere 

Reductive Oxidative 

Raw 980°C 1340°C 
1000°C 

1260°C 

1080°C 

1120°C 

Quartz A 

Quartz 100 100 92.22 100 100 

Cristobalit

e 

- - 7.78 - - 

Quartz B                

Quartz 100 100 90.00 99.57 100 

Cristobalit

e 
- - 10.00 0.43 - 

Quartz C 

Quartz 85 100 71.04 98.64 100 

Kaolinite 15 - - - - 

Cristobalit

e 
- - 28.96 1.36 - 

Quartz D 

Quartz 100 100 63.40 96.97 100 

Cristobalit

e 
- - 36.60 3.03 - 

 

The lattice parameters calculated for raw and fired Quartz samples have been given in Table 3. Minor 

increases were observed in the lattice parameters of Quartz A, Quartz C and Quartz D samples after 

firing. No decrease was observed in the lattice parameters for the Quartz B sample fired in biscuit kiln 

at 980°C under oxidative atmosphere and in glaze kiln at 1340°C along with the samples fired in 

biscuit kiln at 1080°C and in glaze kiln at 1120°C. The a-axis and c-axis lattice parameters of quartz 
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samples fired in biscuit kiln at 1000°C under oxidative atmosphere and in glaze kiln at 1260°C were 

higher in comparison with the samples fired in other kilns.  

The a-axis and c-axis parameters of Quartz A sample fired in glaze kiln at 1340°C under reductive 

atmosphere increased by about 0.13 % after firing whereas the a-axis of the Quartz C  samples fired in 

biscuit kiln at 1000°C under oxidative atmosphere and in glaze kiln at 1260°C  increased by 0.16 % 

and the c-axis increased by 0.13 %. It was observed upon comparing the lattice parameters of the 

cristobalite phase that forms after firing for the samples fired in reductive glaze kiln at 1340°C with 

those fired in glaze kiln at 1260°C that the a-axis increased for the Quartz B sample while the c-axis 

decreased. The contrary was true for the other Quartz C and Quartz D samples with a-axis decreasing 

while the c-axis increased.  

Table 3. Crystal lattice parameters of the quartz samples  

Samples Phases LatticeValues Raw 

Firing Atmosphere 

Reductive Oxidative 

980°C 
1340°

C 

1000°C 

1260°C 

1080°C 

1120°C 

Quartz 

A 

Quartz 

a-axis, Å 4.919 4.922 4.926 4.925 4.923 

Changing Ratio, % - 0.06 0.14 0.12 0.08 

c-axis, Å 5.411 5.415 5.418 5.418 5.416 

Changing Ratio, % - 0.07 0.13 0.13 0.09 

Cristobalit

e 

a-axis, Å - - 5.005 - - 

c-axis, Å - - 6.984 - - 

Quartz 

B 

Quartz 

a-axis, Å 4.924 4.927 4.924 4.919 4.919 

Changing Ratio, % - 0.06 0 -0.10 -0.10 

c-axis, Å 5.415 5.419 5.419 5.413 5.413 

Changing Ratio, % - 0.07 0.07 0.04 0.04 

Cristobalit

e 

a-axis, Å - - 4.988 4.996 - 

c-axis, Å - - 7.044 6.989 - 

Quartz 

C 

Quartz 

a-axis, Å 4.921 4.922 4.922 4.929 4.926 

Changing Ratio, % - 0.02 0.02 0.16 0.10 

c-axis, Å 5.415 5.415 5.415 5.422 5.416 

Changing Ratio, % - 0 0 0.13 0.02 

Cristobalit

e 

a-axis, Å - - 4.999 4.974 - 

c-axis, Å - - 6.979 7.101 - 

Quartz 

D 
Quartz 

a-axis, Å 4.918 4.921 4.924 4.927 4.924 

Changing Ratio, % - 0.06 0.12 0.18 0.12 
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c-axis, Å 5.409 5.414 5.414 5.418 5.416 

Changing Ratio, % - 0.09 0.09 0.17 0.13 

 

Cristobalit

e 

a-axis, Å - - 4.997 4.961 - 

c-axis, Å - - 6.968 7.133 - 

 

According to the acquired results;  

 While no cristobalite phase formation was observed in samples fired in biscuit kiln at 980°C 

under reductive atmosphere and in biscuit kilns at 1000°C and 1080°C under oxidative 

atmosphere, and in glaze kilns at 1120°C; cristobalite phase formation was observed in 

samples fired in glaze kiln at 1340°C under reductive atmosphere and in glaze kilns at 1260°C 

under oxidative atmosphere.  

 Cristobalite formation in samples fired in glaze kiln at 1340°C under reductive atmosphere 

was much higher in comparison with those for the samples fired in glaze kiln at 1260°C under 

oxidative atmosphere.  

 Based on the crystal structure, the highest cristobalite ratios were 37% for the transparent 

quartz crystal in the reductive environment at 1340°C and 3% in oxidative environment at 

1260°C.   

 The lattice parameters of the Quartz B samples decreased after firing at temperatures of 

980°C, 1080°C, 1120°C and 1340°C.   

 Changes were determined in the lattice parameters of quartz samples after firing.  

 The lattice parameters of quartz samples fired at 1000°C and 1260°C under oxidative 

atmosphere were higher as a-axis and c-axis in comparison with samples fired in other kilns.  

 The highest lattice parameter was obtained as a-axis and c-axis parameters of Quartz A sample 

fired in glaze kiln at 1340°C under reductive atmosphere which increased by about 0.13 % 

after firing whereas the a-axis of the Quartz C  samples fired in biscuit kiln at 1000°C under 

oxidative atmosphere and in glaze kiln at 1260°C  increased by 0.16 % and the c-axis 

increased by 0.13 %.  

 While for the a-axis from among the lattice parameters of cristobalite increased for the Quartz 

B sample in samples fired at 1340°C under reductive atmosphere in comparison with samples 

fired at 1260°C under oxidative atmosphere, the c-axis values decreased. Contrary to these 

results, the a-axis decreased and the c-axis increased for the Quartz C and Quartz D samples.  

 It was determined that the crystal structure of quartz and the oxides other than silicon it 

contains are effective in cristobalite formation after firing and that accordingly it is important 
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for reducing errors in production to fire the quartz samples in the operating kiln prior to using 

them in ceramic production and to carry out phase analyses for the fired samples.  

 

References 

1. M. Dapiaggi, L. Pagliari, A. Pavese, L. Sciascia, M. Merli, F. Francescon, The formation of silica 

high temperature polymorphs from quartz: Influence of grain size and mineralising agents, 

European Ceramic Society 35 (2015) 4547-4555 

2. E. I. Suzdaltsev, The Sintering Process of Quartz Ceramics, Refract. and Ind. Ceram., 44-4, 2003, 

236-241 

3. Sistematik mineraloji, 

4. M. Nabil, K.R. Mahmoud, A.E. Shaer, H.A. Nayber, Preparation of crystalline silica (quartz, 

cristobalite, and tridymite) and amorphous silica powder (one step), Physics and Chemistry of 

Solids 121 (2018) 22–26 

5. M.F. Zawrah, E.M.A. Hamzawy, Effect of cristobalite formation on sinterability, microstructure 

and properties of glass/ceramic composites, Ceramics Int. 28 (2002) 123-130 

6. C. Tang, J. Zhu, Z. Li, R. Zhu, Q. Zhou, J. Wei, H. He, Q. Tao, Surface chemistry and reactivity 

of SiO2 polymorphs: A comparative study on quartz and cristobalite, Applied Surface Science 

355 (2015) 1161-1167 

7. L.G. Baikova, R.I. Mamalimov, T.I. Pesina, A.E. Chmel, A.I. Shcherbakov, Structural 

Transformations During Heat-Treatment of Quartz Ceramic, Glass and Ceramics, Vol. 70, No 7-

8, 2013, 303-305 

8. L. Pagliari, M. Dapiaggi, A. Pavese, F. Francescon, A kinetic study of the quartz–cristobalite 

phase transition, European Ceramic Society 33 (2013) 3403-3410 

9. I.M. Abdulagatov, S.N. Emirov, T.A. Tsomaeva, K.A. Gairbekov, S.Y. Askerov, N.A. 

Magomedova, Thermal conductivity of fused quartz and quartz ceramic at high temperatures and 

high pressures, Physics and Chemistry of Solids 61 (2000) 779-787 

10. M.J. Jackson, B. Mılls, Dissolution of quartz in vitrified ceramic materials, Mater. Sci. 32 (1997) 

5295-5304 

11. O.A. Alharbi, D.Y. Zaki, E.M.A. Hamzawy, Effect of TiO2, LiF and Cr2O3 in the Crystallization 

of Cristobalite and Tridymite in Sintered Glass-Ceramics, Silicon (2012) 4:281–287 

12. A. Nukuı, O.W. Flörke, Three tridvmite structural modifications and cristobalite intergrown in 

one crystal, American Mineralogist, Vol. 72, 167-169, 1987 

13. W. Pabstn, E. Gregorova, J. Kutzendörfer, Elastic anomalies in tridymite- and cristobalite-based 

silica materials, Ceramics Int. 40 (2014) 4207-4211 

124



 

 

14. G.R. Fıscher, R.R. Wusırıka, J.E. Geıger, The crystal lattice thermal expansion of an oxynitride 

glass-ceramic material of high-quartz structure, Materials Science 20 (1985) 4117-4122 

15. I.Allegretta, G. Eramo, D. Pinto, V. Kilikoglou, Strength of kaolinite-based ceramics: 

Comparison between limestone- and quartz-tempered bodies, Applied Clay Science 116-117 

(2015) 220-230 

16. J.J. Liang, Q.H. Lin, X. Zhang, T. Jin, Y.Z. Zhou, X.F. Sun, B.G. Choi, I.S. Kim, J.H. Do, C.Y. 

Jo, Effects of Alumina on Cristobalite Crystallization and Properties of Silica-Based Ceramic 

Cores, Materials Science&Technology 33 (2017) 204-209 

 

 

 

 

 

125



 

 

CERAMIC RAW MATERIALS 

 

MINERALOGICAL INVESTIGATION OF NEPHELINE SYENITE AND ITS USAGE IN 

CERAMIC PRODUCTION 

 

Veli Uz
1
, Nihal Derin Coşkun

 2*
 

1
Dumlupınar University, Faculty of Engineering, Metallurgy and Materials Engineering Department, 

Kütahya/Turkey 

2
 Ordu University, Faculty of Fine Arts, Ceramic and Glass Department, Ordu/Turkey 

 

ABSTRACT 

Feldspar, one of the basic raw materials of the ceramics industry, causes microstructural changes that 

affect the firing and final product properties of the ceramic product due to their high K2O and Na2O 

ratios. For this reason, feldspars have an important place for providing of desired properties of ceramic 

products. However, the increasing population of the world and the accompanying production demand 

are causing these raw materials to be consumed. The demand for alternative raw material resources for 

solution of this problem is increasing day by day. Mineralogical and thermal examination of nepheline 

syenites with high K2O and Na2O ratios obtained as a result of the enrichment was carried out. The 

samples whose product characteristics were determined and the feldspars used in ceramics were 

compared and their usability as an alternative raw material was investigated. 

 

 

1. Introduction 

Feldspars which provide glassy phase formation during the firing stage in addition to improving the 

physical properties of the ceramic product have an important place in the ceramic sector [1]. However, 

the search for alternative raw materials continues since the quality and amount of clean feldspar 

reserves decrease every day [2]. There are two main minerals as the nepheline group. The main 

mineral of this group is Nepheline (Na3(Na,K)[Al4Si4O16] and the other is kalsilite (K)[AlSiO4]. 

Replacement of potassium with sodium results in an increase in crystal lattice parameters as well as 

both a and c-axes.  Nepheline generally puts forth intermediate growths with potassium feldspar in 

general and rarely with plagioclase. Nephelines with no iron content can be used as an alternative raw 

material to feldspar due to their high aluminum content [3-4]. Nephelines are used directly in the glass 

industry and the production of plate glass, television tube, bulb glass blocks and glass wool due to 

their high alkaline oxide content. Nephelines are also used in ceramic industry, paint industry as well 

as aluminum, cement and alkaline material production. They are used in the construction sector for 

obtaining roof material [5]. Nepheline syenites increase alkaline level inside the glassy phase by 

decreasing the firing temperature when used in sanitary ware, electricity porcelain and glazed tile [6]. 

Firing is an important stage in ceramic production. It should be carried out in a controller manner due 
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both to the consumed energy amount as well as for the shaping of the final product in production. 

Many studies are carried out for the methods applied at this stage. Reducing firing time is among the 

primary methods [7]. The firing process for sanitary ware products that takes up to about 10-13 hours 

in our day varied between ~30-35 hours during the 1970’s [8]. These studies have brought about 

further studies on kiln technology as well as the raw materials used thereby increasing the search for 

alternative raw materials [9-10]. The fact that the change in Na2O and K2O ratios has an impact on the 

viscosity of the liquid phase that forms during firing is among the primary reasons for this [11]. 

Nepheline syenites with a total Na2O+K2O ratio of ~%14 contain more alkaline than feldspars with 

~%9-12 and lead the way for use as an alternative feldspar source [12-13] The purpose of this study 

was to carry out analyses for nephelines as a feldspar alternative with high sodium and potassium and 

to examine their potential to be used in ceramic products.  

 

2. Materials and Method  

 

The nepheline samples used in the study were acquired from B&S Investment Inc. Company at the 

Kırşehir region. Rigaku, ZSX Primus brand device was used for the chemical analyses of the 

nepheline samples. Mineralogical and phase analyses were carried out using the Rigaku Miniflex 

Brand XRD device at the Kütahya Dumlupınar University Department of Metallurgy and Material 

Engineering laboratories. MDI Jade 6.00 software was used for phase determination during which 

crystal calculations were carried out via MAUD 2.80 crystal analysis software. The thermal behaviors 

of the samples were determined using the MISURA ODHT HSM 1600/80 brand optical dilatometer 

device at the Eskisehir Technical University, Materials Science and Engineering Department 

laboratories.  

 

3. Results  

3.1. Chemical analysis  

 

The chemical analysis results for nepheline samples have been given in Table 1. The naming of 

nephelines has been given based on the high ratios of their sodium and potassium oxide content. 

Sodium nepheline contains 9.6% Na2O whereas nepheline contains 4.4 % Na2O. The high ratio of K2O 

in potassium nepheline was determined as 10.5 % and K2O in sodium nepheline was determined as 6.3 

%. CaO content in the case of sodium nepheline was 1.11 % whereas Cao content in potassium 

nepheline was determined as a very low amount of 0.15 %.  
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Table 1. Chemical analysis of nepheline samples  

Oxides Sodium 

Nepheline 

Potassium 

Nepheline 

SiO2 58,43 62,70 

Al2O3 23,48 21,05 

Fe2O3 0,22 0,10 

TiO2 0,01 0,03 

CaO 1,11 0,15 

MgO 0,04 0,07 

Na2O 9,58 4,40 

K2O 6,25 10,45 

Loss of 

Ignition 

0,75 0,70 

 

The Seger values calculated according to the chemical analyses have been given in Table 2. According 

to the Seger values, while the Na2O value in sodium nepheline was 0.64, the K2O value in potassium 

nepheline was determined as 0.6. The low SiO2 content separates nepheline syenites from feldspars. 

SiO2 values in Seger values are lower in comparison with albite and orthoclase [7]. While for the 

Albite mineral 1Na2O·1Al2O3·6SiO2 Seger values are 1-1-6 it was determined for sodium nepheline 

that these values are 1(Na2O+K2O)·0.95Al2O3·4SiO2, and for potassium nepheline as 

1(Na2O+K2O)·1.11Al2O3·5.6SiO2.  

 

Table 2. Seger values for Nepheline syenite samples 

Sample  
Acidics  Amphoters  Basics  

Na2O K2O CaO MgO Al2O3 Fe2O3 SiO2 TiO2 

Sodium Nepheline 0.639 0.275 0.082 0.004 0.952 0.006 4.027 0.00052 

Potassium Nepheline 0.380 0.596 0.014 0.009 1.106 0.003 5.601 0.00201 

 

 

3.2. Mineralogical analysis 

 

X-Ray diffraction patterns for Nepheline syenite samples have been given in Figure 1. It was 

determined that both the sodium nepheline samples and potassium nepheline samples contain albite, 

orthoclase, and two different nephelines that have Al3.84K0.57Na3.24O16Si4.16 and Al4K0.78Na3O18Si2 

compositions (Fig 1).  
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 Figure 1. X-Ray Diffraction Patterns of Nepheline syenite samples  

 

The mineral ratios calculated using the X-ray analysis results have been given in Table 3. It was 

determined for the Sodium nepheline samples (Al3.84K0.57Na3.24O16Si4.16) mineral at a ratio of %78 

potassium, (Al4K0.78Na3O18Si2) mineral at a ratio of %55. In addition, sodium nepheline contains 

%0,68 of albite whereas potassium nepheline contains %17,34 orthoclase.  

Table 3. Mineral ratios of Nepheline syenite samples  

Minerals 
Potassium 

Nepheline 

Sodium 

Nepheline 

Nepheline 

(Na,K) (AlSi3O8) 
78.07 54.99 

Muscovite, 

KAl2(AlSi3O10)(OH)2 
5.77 26.98 

Orthoclase 

K2OAl2O36SiO2 
8.68 17.34 

Albite 

Na2OAl2O36SiO2 
7.48 0.68 
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The crystal structure appearance of the Nepheline (Al3.84K0.57Na3.24O16Si4.16) mineral in nepheline 

syenite samples and the crystal structure based on XRD analysis results have been given in Figures 2A 

and 2B respectively.   

 

 

 

Figure 2. Crystal structure images of the minerals in Nepheline syenite samples  

 

 

3.3. Thermal analysis  

 

The optical dilatometer analysis carried out for determining thermal behaviors has been given in 

Figure 3. The optical dilatometer curves of albite and orthoclase minerals have been drawn together 

with the optical dilatometer curves of the nepheline syenite samples in order to compare the melting 

behavior of Nepheline syenite samples. It was determined that the shrinkage behavior of the Sodium 

nepheline sample took place at lower temperatures in comparison with the others. It was observed that 

the temperature at which Sodium nepheline started to shrink was 1100℃ and that particle-particle 

interaction started thereby leading to the bonding of the particles at a temperature that is 100℃ lower 

in comparison with the albite mineral [6-7]. This sintering onset temperature difference will be 

advantageous with regard to energy consumption during production. It was determined that the 

shrinkage onset temperature of the Potassium nepheline sample was 800℃ followed by a second 

shrinkage at 1230℃ after a short amount of shrinkage leading to the onset of melting after 1380℃. 

Whereas the shrinkage onset temperature for the orthoclase mineral was determined as 1200℃. 

However, shrinkage slows down at around 1380℃. Potassium nepheline shrinks at a lower temperature 

in comparison with the orthoclase mineral and has a higher shrinkage ratio in comparison with 

orthoclase. While it was determined that potassium nepheline will be advantageous in sintering in 

comparison with orthoclase.  
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Figure 3. Optical dilatometer results of Nepheline syenite samples  

 

The critical temperature values determined by taking the first derivative of the dilatometer curve in 

optical dilatometer analysis have been given in Table 5. Whereas the sintering point temperature 

which is the point with the highest time-dependent shrinkage was 1230℃ for the albite mineral, it was 

determined as 1209℃ for sodium nepheline.  

Table 5. Critical temperature points for the Nepheline syenite samples  

 Orthoclase 

1 

Albite 

2 

K- Nepheline 

3 

Na- Nepheline 

4 

Sintering Point, 

°C 

1252 1230 1264 1209 

Softing Point, °C - 1300 1355 1314 

Sphere Point, °C - - - 1376 

Melting Point, °C - 1386 - - 

 

According to the obtained results;  

 

 While the alkaline ratio (Na2O+K2O) of Sodium nepheline syenite was about 16 %, alkaline total 

was determined as 15 % in potassium nepheline samples. High sodium and potassium oxide 
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content of nepheline syenites is an indication that it can be used as a fluxing agent in ceramic 

products.  

 It was determined that nepheline syenites may be used in ceramic recipes as both alkaline and 

aluminum oxide source due to lower SiO2 and higher  Al2O3 content in comparison with feldspars.  

 It was determined that both nepheline syenite samples may be advantageous in firing colors as 

well due to the fact that the coloring pigment oxide ratio is below 0.22 % for both samples.  

 It was determined that Sodium nepheline syenite may be more advantageous in comparison with 

albite mineral since it starts shrinking due to particle-particle interaction at a temperature that is 

100℃ lower.  

 It was determined that Nepheline syenites contain minerals such as albite, orthoclase, different 

formulas nepheline as (Al3.84K0.57Na3.24O16Si4.16) and (Al4K0.78Na3O18Si2).  

 It was determined that Sodium nepheline syenites contain % 26,98 muscovite, % 0,68 albite and 

% 17,34 orthoclase.   

 Potassium nepheline syenites contain % 5,77 muscovite, % 7,48 albite and % 8,68 orthoclase.  

 It was determined that Sodium nepheline has a shrinkage onset temperature of 1100℃ and that 

potassium nepheline syenite has a primary shrinkage temperature of 800℃, secondary shrinkage 

temperature of 1230℃ and melting temperature of 1380℃.  

 It was determined that Potassium nepheline syenite starts shrinking at a lower temperature in 

comparison with the orthoclase mineral and that it has a higher shrinkage ratio.  

 It was observed after determining which nepheline syenite can be used according to the firing 

temperatures and firing regimes of ceramic products and carrying out studies for determining the 

ratios at which they can be used in recipes that nepheline syenites are more advantageous in 

comparison with feldspars.  
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Even if MgB2 is known comparatively for long time, its high Tc superconductivity was discovered 

recently. [Akimitsu], [Nagamatsu]. There are many production method to produce MgB2 Powder. 

Some of these are: Synthesis of MgB2 from elemental boron and magnesium by Autogenous Pressure 

Method (Mackinnon, 2014), batch process for the conversion of plasma synthesized boron powder 

into MgB2 powder and Mg diffusion method (D. K. Finnemore and J. V. Marzik 2015), J. M. Hur, K. 

Togano, A.(2009) . 

The main aim of this study is to determine of producibility of MgB2 powders by Self-Propagating 

High Temperature Synthesis method which is a simple and low cost method. In this study, unlikely 

other SHS studies we tried to produce MgB2 powder from relatively low-cost raw materials such as 

Mg and B2O3 rather than high purity elemental starting materials. This is also unique side of our study 

to achieve lower production cost. 

EXPERIMENTAL STUDIES 

Before beginning SHS experiments, some theoretical calculations were made to predict amount of 

required raw material, released energy and adiabatic temperature of SHS reactions by using HSC 

Chemistry 6.1 software. 

After thermochemical calculations, the stoichiometric amount of B2O3 and Mg were used to produce 

MgB2 product due to equation 1. B2O3 powders have a purity of 92.65 wt.% were brought from Ref-

San AŞ. Mg powders have different particle size (0-75 μm, 75-150 μm 150-250 μm) were brought 

from Magnezyum ve Metal Tozları AŞ. 

4Mg+B2O3 = MgB2+3MgO    (Eq.1) 

Mg and B2O3 powders were weighted (100 g) by using assay balance and mixed 15 minutes by using a 

mechanical mixer. SHS reactions were realized in a copper crucible. The crucible has an inner 

diameter of 60 mm and height of 200mm. SHS reactions were initiated by passing electricity 

throughout a resistance wire. A power supply of 7.5 kVA was used and reactions were initiated with 

20V and 50A. The products were discharged from the crucible after cooling. 
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DTA analysis was carried out to find out the temperature of exothermic reactions. The 

characterizations of the products were realized by XRD techniques. 

 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

In SHS method, reaction enthalpy is an important point to illustrate whether there is enough energy to 

reaction occur or not. Adequate heat should be occur to sustain reaction through the mixture. The 

specific heat value should be between 2250 J/g and 4500 J/g. The specific heat is calculated from 

dividing of the reaction enthalpy to total molecular weight of the products. If the specific heat is less 

that 2250 J/g, reaction doesn’t propagate. And if this value excess 4500 J/g mixture could explode.  

After switch on power supplier, exothermic reaction began by resistance wire. After beginning of 

reaction, it became self-sustaining and self-propagating.  

One of the most important features of a combustion process is the highest temperature of the 

combustion products that can be achieved called adiabatic temperature. The adiabatic temperature 

value (Tad) which is an important indicator, determines if a reaction is a self-propagating or not. For a 

self-propagating reaction, the adiabatic temperature value should be higher than 1800 K (Z.A. Munir, 

U.A. Tamburini Mater. Sci. Rep., 3 (1989), pp. 277-365) 

Due to the thermochemical calculations, the production reaction (Eq.1) has an adiabatic temperature of 

2850, 65 K and specific heat of 3745 J/g.  

DTA results was given in Fig.1 indicates that SHS reactions were realized after 633, 50°C. Also, with 

increasing in particle size, as illustrated Fig.2 and Fig.3 the initiation temperature is increased from 

633,5°C to 666,15°C. 
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Figure 1. DTA result of SHS reaction of the mixture where 0-75 µm Mg and B2O3 were used  

 

 

Figure 2. . DTA result of SHS reaction of the mixture where 75-150 µm Mg and B2O3 were used  
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Figure 3. DTA result of SHS reaction of the mixture where 150-250 µm Mg and B2O3 were used  

 

XRD results was given in Fig.4. indicates that the main SHS products were MgO and Mg3B2O6. There 

are also some unreacted Mg and B2O3 phases were detected in XRD results. The XRD results of 

commercial MgB2 powders was given in Fig.5. To determine whether MgB2 powders were produced 

or not by SHS reactions, SHS products were leached by using HCl acid solutions.  

   

Fig.4. SHS products obtained from 0-75µm Mg and B2O3 powder mixture 
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