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ABSTRACT

Sustainable Waste Utilization in Glass-Ceramic Coating

Production

fremnur CEYLAN

Department of Metallurgical & Material Engineering

Master of Science Thesis

Supervisor: Assoc. Prof. Bugra CICEK

In the present study, the utilization of Blast Furnace Slag (BFS) waste as a sustainable,
cost-effective CaO, SiOz, Al203, and MgO replacement for inorganic oxides in the
manufacturing of frit, a raw material for glass-ceramic production, was investigated. To
compare a commercially available frit (F-STD) against frit made from BFS waste (F-
BFS), two distinct frits were manufactured by melting-quenching techniques and
characterized. The chemical composition, phase formation, and thermal characteristics
of the frits, which have glassy structure, were evaluated employing XRF, XRD, heating
microscopy, dilatometry, and TG- DTA analysis methods. The frits were ground and
electrostatically sprayed onto a steel substrate, then crystallized at 830 °C for 4.5
minutes to obtain glass-ceramic coatings. By employing XRD, SEM-EDS, and ICP-MS;
the reference (GC-STD) and BFS-substituted sustainable (GC-BFS) coatings were
investigated in terms of phase formation, microstructure and chemical resistance. Ni-
substituted fluorine mica (KLiNi2Si4sO10F2) was the primary crystal in both samples.
The higher amorphous degree of GC-BFS (70%) rather than the GC-STD (69.1%)
examined at the XRD pattern of glass-ceramics was associated with the thermal
characteristics of GC-BFS. Similarly, after a boiling citric acid test (ISO 28706-1:
2008), ICP-MS analysis demonstrated that the GC-BFS had an improved chemical
resistance, which was consistent with the higher amorphousness with the strong

amorphous structure and thermal characteristics shown in XRD and TG-DTA results.
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OZET

Cam Seramik Kaplama Uretiminde Siirdiiriilebilir Atik

Kullanim

fremnur CEYLAN

Metaliirji ve Malzeme Miihendisligi Anabilim Dali

Yiiksek Lisans Tezi

Danisman: Dog. Dr. Bugra CICEK

Bu calismada, yiiksek firin ciirufu (BFS) atiginin, cam-seramik iiretimi icin hammadde
olan frit tiretiminde siirdiiriilebilir, uygun maliyetli CaO, SiO2, Al.03 ve MgO vb.
inorganik oksitlerin ikamesi olarak kullanimi arastirilmistir. Ticari olarak temin
edilebilen bir friti (F-STD) BFS atigindan (F-BFS) yapilan fritle karsilastirmak igin,
ergitme-su verme teknikleri ile iki farkli frit iiretildi ve karakterize edildi. Cams1 yapiya
sahip fritlerin kimyasal bilesimi, faz olusumu ve termal 6zellikleri XRF, XRD, 1s1
mikroskobu, dilatometre ve TG-DTA analiz yontemleri kullanilarak degerlendirilmistir.
Fritler 6giitiilmiis ve bir ¢elik alt-tabaka tizerine elektrostatik sprey yontemi kullanilarak
piskiirtiilmiis, daha sonra cam-seramik kaplamalar elde etmek amaciyla 830 °C'de 4.5
dakika boyunca kristalize edilmistir. XRD, SEM-EDS ve ICP-MS analizleri kullanarak;
referans (GC-STD) ve BFS ikameli siirdiiriilebilir (GC-BFS) kaplamalar faz olusumu,
mikro yap1t ve kimyasal diren¢ acgisindan arastirildi. Ni-ikameli flor mika
(KLiNi2Si4O10F2) her iki numunede de birincil kristaldi. Cam-seramiklerin XRD
modelinde incelenen GC-STD'den (%69.1) ziyade GC-BFS'nin daha yiiksek amorf
derecesi (%70), GC-BFS'nin termal 6zellikleri ile iliskilendirilmistir. Benzer sekilde,
kaynayan bir sitrik asit testinden (1ISO 28706-1: 2008) sonra, ICP-MS analizi, XRD ve
TG-DTA da gosterilen daha yiiksek amorfluk ve termal ozellikler ile tutarli olan

geligmis bir kimyasal dirence sahip oldugunu gostermistir.
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1

INTRODUCTION

1.1  Literature Review

With the increasing human population, urbanization and industrialization, the number of
waste increases daily, and it is a challenging task to maintain the supply-demand
balance in raw material resources [1-2]. Thus; waste management has become a global
issue due to the protection of human health, reducing environmental risks and need for
less consumption of resources [3]. All products that are still industrially valuable,
obtained during or after industrial activities such as production, machining, mining,
refining, synthesis, heat treating, and control processes, are considered as industrial
waste (IW) [4]. In order to ensure sustainability by recycling or reusing IWs such as
sand, ash, slag, to reduce the burden on the industry and to diminish the potential
threats, variety of methods have been developed [5]. Incineration, recovering through
calcination, vitrification are some of the sustainable approaches rather than
accumulating in landfill [6]. Among them the vitrification method is the stabilization of
diverse inorganic wastes and metal elements by chemically bonding them to amorphous
networks in a glassy structure by thermal fusion process [7]. Vitrification processes
include the melting of waste combined with glass forming and network modifiers etc. at
high temperature and then quenching to achieve an amorphous structure [8]. The
vitrification of IWs combined with commercial sources and glass-ceramic production
by crystallization are detected in the literature with the following examples: fly ashes
[9-10], muds [11], slags from crude iron and steel production [12-13], cullets [14-15],
furnace dust and foundry sands [16-17].

One of the most common IWs is blast furnace slag (BFS), which is a by-product that
accumulates on the upper surface of molten iron during iron production from ore in a
blast furnace [18]. It has an alumina silicate structure containing oxides of calcium (Ca)
and magnesium (Mg) [19]. The chemical composition of BFS is mainly 35-42 wt.%
Ca0, 35-40 wt.% SiO», 8-15 wt.% Al>O3, and 5-9 wt.% MgO, with minor components
of 0-5 wt.% BaO, 0.3-3 wt.% MnO, 0.5-0.8 wt.% FeO, and 0.7-1.5 wt.% S [20]. The

world output of BFS in 2019 is estimated to be between 320-384 million tons, according
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to the US Geological Survey Mineral Commodity Summaries [21-22]. To ensure the
recycling of high tonnage BFS waste, it is significant to employ BFS in areas with
different and wide raw material consumption volumes. Although there are studies in the
literature regarding BFS utilization in ceramics, glass-ceramics and cement products, it
will be shown for the first time in this publication that BFS can also be successfully
adapted to glass-ceramic coatings on metal substrates which are commercially named

vitreous enamels.

Zhao et al. [23] manufactured glass-ceramic system of CaO-Al203-SiO.—MgO by
directly heating them with molten glass including BFS and silica sand rather than room
temperature glass. The behaviour of the glass during crystallization and the influence of
CaF on its microstructure are also examined. The SiO,—CaF>—BFS mixture was melted
at 1500-1600 °C, cast into a mould, and annealed at 960 °C for 1.5 h to produce CaO—
Al>03-Si0.—MgO glass ceramics with akermanite (Ca2MgSi.O7) and diopside
(CaMgSi20e) phases in the research.

In the study [24] by Y. C. Wang et. al, blast furnace slag (BFS) glass ceramics
containing Cr20s were added to overcome scum in the liquid glass and enhance phase
separation and crystallization was investigated. The chemical composition of glass-
ceramics is 31 wt.% CaO, 49 wt.% SiO2, 11 wt.% Al:Os3, and 9 wt.% MgO, were
prepared with 73 wt.% BFS and the other raw materials of quartz sand and a small
amount of pure chemical reagents. The glass-ceramics were characterized by
Differential Thermal Analysis (DTA), X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), and flexural strength. It is possible to create a process for producing
high-value glass ceramics using molten BFS as the primary raw material. This is critical
for increasing the usage and added value of iron smelting slag while also decreasing
environmental pollution. Uniform diopside crystals can be obtained, these glass-
ceramics are much higher than mechanical properties of natural granite and natural
marble, when the Cr,Ozis 1.44 or 1.91 wt.%.

Francis [25] investigated the devitrification characteristics of different diameters of
slag-derived glass and researched the implementation of BFS into glass-ceramic
materials. With no additive components, the BFS was melted, then cast into a
heated mould, annealed, powdered, and sorted into particle size ranging. DTA, XRD,

and SEM analysis were employed to examine samples that crystallized into gehlenite
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(Ca2Al2SiOv), diopside pyroxene (Ca(Mg,Al)(Si,Al)20s), and barium aluminium silicate
(BaAl;Si20g) phases.

By melting Na,CO3 and Cr,0s-added BFS at 1450 °C, casting, and annealing at high
temperatures (800-900 °C), Ma et al. [26] produced CaO-MgO-Al,03-SiO; glass-
ceramics. To describe the glass-ceramics in terms of crystallization properties, kinetic
parameters of crystallization, microstructure, and orientation relations, they used
differential scanning calorimetry (DSC), XRD, SEM, and Electron backscatter
diffraction (EBSD) study.

Glass-ceramic coatings industrially known as enamel coatings are produced by
vitrification and crystallization of inorganic oxides such as SiOz, B20s, CaO, Na.0O,
P20s, CuO, Al>O3 etc. and are crystalline materials embedded in a glass matrix. Their
production requires five main steps: i) formulation and preparation of raw material
batch, ii) the vitrification procedure consisting of the melting of inorganic oxides at
1300 °C + 100 °C and subsequent fast-cooling i.e., quenching to obtain glassy structure,
iii) milling and sieving of the glass precursor, i.e. frit, to obtain powder, iv) application
of the powdered frits on the metal substrate, v) sinter-crystallization at 720-850 °C [27-
29]. Glass-ceramic coatings protect the surfaces of kitchen utensils, pipelines, home
appliances, boilers, as well as other objects against chemical, mechanical, and thermal
deterioration [29]. Glass-former, modifier, stabilizer, and promoter oxides are the
primary parameters that define the glass-ceramic structure and provide it high technical

characteristics [30].

By integrating BFS waste as a source of CaO, SiO2, Al.Oz, and MgO with commercial
raw materials, the current research intends to providea new strategy for the
achievement of sustainable glass-ceramic coating. Two distinct frit batches (F) were
created and analysed to examine whether BFS waste could be successfully incorporated
into glass-ceramic coatings. Frits composed entirely of commercially available raw
materials and formulations containing partial amounts of BFS were designated F-STD
and F-BFS, respectively. The chemical composition, phase transition, and thermal
behaviour of the frits were analysed using XRF, XRD, heating microscopy and TG-
DTA. SiO2-B203-Na>0O-Al>03-K>0-F glass-ceramic coatings were formed after the frits
were coated to metal substrates by electrostatic spraying method, crystallized at 840 °C
for 4 min., and referred to as GC-STD and GC-BFS, respectively. XRD and SEM-EDS
were used to characterize GC-STD and GC-BFS in terms of micro and macrostructure,
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phase formation, and surface morphology. Furthermore, the engineering properties of
coatings as adhesion behaviour, chemical resistance and aesthetical properties of
coatings were investigated according to BSI EN10209, ISO 28706-2 and ISO 7724,

respectively.
1.2 Objective of the Thesis

The earth's crust provides the raw materials require to produce glass-ceramics.
However, demand will soon overbalance the supply with increasing population and
industrialization. This problem was addressed, and the raw material resources utilized in
glass-ceramic raw material (frit) production have been replaced by the blast furnace slag
(BFS) from the sustainability perspective. The aim of this study is to achieve not only
glass-ceramic but also a novel and eco-friendly production approach of glass-ceramic
coating on a metal substrate by recycling the BFS one of the most common IWs. In this
research, a SiO2-B203-Na>O-Al,03-K>0-F glass ceramics system was studied to offer a

coating material that had never been elucidated in the literature before.
1.3 Hypothesis

Our study provides a significant contribution to the literature as it serves as the basis for
the sustainable production and comparative investigation of coatings based on SiO»-
B203-Na20-Al203-K20-F glass-ceramic systems using partially BFS. It is formed
during the iron production process in blast furnace and consists of CaO, SiO», Al>Os,
MgO as major components and MnO, FeO, BaO and S etc. as minor components. Our
hypothesis is that as-received BFS can be utilized as sustainable CaO, SiO2, Al>O3,
MgO etc. raw material sources in the raw material batch of production of glass-ceramic
coating on a steel substrate, due to the chemical composition of BFS. Frit, glass-ceramic
and glass-ceramic coatings that will be produced by commercial and sustainable
methods will be analysed and it will be examined whether BFS can be an appropriate
raw material for use in the structure and whether it will alter the engineering properties

of the coating.
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2

GLASS-CERAMICS

Glass-ceramics are polycrystalline materials produced by heat treatment from inorganic
glasses. Controlled nucleation and crystallisation of glass are achieved through heat
treatments in glass-ceramic production [31-32]. Glass-ceramics are ideal for coating
applications due to their chemical stability, high mechanical strength, low thermal

expansion coefficient, thermal shock resistance, and abrasion and corrosion resistance.

2.1 Definition of Glass-Ceramics

Dr. S.D. Stookey, a well-known glass chemist, discovered and defined glass-ceramics in
the 1950s. "Glass-ceramics are made by first melting and forming special glasses
containing nucleating agents, then causing controlled crystallisation of the glass,”

according to Dr. Stookey [33].

The fact that this definition was created on this date does not preclude the existence of
such materials in previous years. In the 1700s and even earlier, scientists used glass
crystallisation to create dense ceramic materials. Dr. Stookey became aware of this
material, investigated it deeply, and then commercialised it as a new type of material. In
that laboratory, he was conducting a silver precipitation experiment with lithium silicate
glass for permanent photographic image work. The use of lithium silicate is due to the
fact that lithium glasses are more chemically stable. For precipitation research, Stookey
holds the glasses at nearly 450 °C, and the furnace temperature increases to 850 °C one
night. Stookey, who had assumed the glass had melted and the furnace had been ruined,
discovered that the sample had not melted and remained in the same condition as when
it had left. The glass fell to the ground accidentally while being removed from the
furnace, but it did not shatter. It sounds like metal, on the contrary. Stookey inspects the
glass after this bizarre situation. Knowing the importance of crystals with low expansion
coefficient over the studies on the near-zero thermal expansion of B-spodumene in

previous years [34].

Stookey is still researching this topic and working with crystals such as titania, zinc

sulphide, and others. He sees the strength of Titania-doped aluminosilicate glass-
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ceramics in his work with Titania and commercialises it through Corning Ware®, a

product that is even used in rocket nose cones.

Over time, these glass-ceramics have evolved, and their applications have expanded.
Due to advancements in other ceramic, glass, metal, and nanomaterial fields, all fields
have become associated, and glass-ceramic materials have become mixed with glass-
crystal composites. Deubener et al. give the following definition of glass-ceramics:
"Glass-ceramics are inorganic, non-metallic materials prepared by controlled
crystallisation of glasses via various processing methods.” They have a residual glass
and at least one type of functional crystalline phase. "The volume fraction crystallised
can range from ppm to nearly 100%." Inorganic materials produced by controlled

nucleation and crystallisation of glasses are known as glass-ceramics [35-36].

They are polycrystalline materials that use controlled heat treatment to replace
nucleation and crystal growth processes in glasses appropriate for crystallisation.
During the crystallisation process, nucleating agents are mixed into the glass matrix.
Nucleating agents are mainly TiOz (titanium dioxide), Cr20s (chromium (111) oxide),
ZrOz2 (zirconium dioxide) and P20s (phosphorus pentoxide) oxide groups and fluorides.
Within the matrix, these oxides act as nucleation centres. As a result, these nuclei grow
and form crystals during the controlled heat treatment step. During crystallisation, one or
more crystalline phases form, and these crystals can take a variety of shapes, including
rods, sheets, and spheres. The crystals formed are usually less than 1 m in size, and they
give glass-ceramic structures properties like superior toughness, impact resistance, and
wear resistance [35-37]. Formation of glass-ceramics is shown in Figure 2.1.
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Figure 2.1 From glass to glass-ceramic. (a) nuclei formation, (b) crystal growth on

nuclei, and (c) glass-ceramic microstructure [35]
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The goal of crystallisation heat treatment, also known as controlled crystallisation,
which is the main stage of glass-ceramic production, is to convert amorphous glass into
microcrystalline ceramic. The effect of temperature on nuclei formation and crystal
growth is shown in Figure 2.2. The tendency of any glass to nucleate and grow crystals
can explain its crystallisation. Below the equilibrium melting temperature, if a sufficient
number of nuclei (at least 1012 — 1015 nuclei in 1 cm3 volume) is achieved by
heterogeneous nucleation, a semi-stable region temperature range occurs where crystal

growth can occur [38-39].
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Figure 2.2 The effect of temperature on nucleation and crystal growth in glasses [40]

2.2 Formation Methods of Glass-Ceramics

2.2.1 Pressing

The glassware is shaped by applying pressure between a mould and a plunger in this

method. Air vacuum, metal presses, and other types of pressing equipment can be used.
2.2.2 Casting

The glass viscosity must be minimal and the temperature must be over the glass
transition temperature for using this ancient technique. This technique could be applied

in the dental area.
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2.2.3 Spinning (Centrifugal Casting)

The necessity for a conical mould which should rotate separates this method from
standard casting. In this process, the viscosity must be between 30 and 100 Pa s [35].

This is how old-fashioned cathode ray tubes of television bulbs were made.
2.2.4 Rolling

The rolling method involves pouring molten glass onto a water-cooled press table and
rolling it out. The ideal viscosity is 700-1000 Pa s. This method can be used to create
flat glasses [35].

2.2.5 Float Process

The basic forming in a molten tin bath is the float or Pilkington process, which is
nowadays most commonly used in flat glass production. The molten glass is flattened
and strengthened in the tin bath at low temperatures since it arrives from the furnace
belly. The flat glass continues on the same conveyor line, enters the annealing line,

lowers the tension, and continues.
2.2.6 Direct Forming or Reforming of Glass-Ceramics

Glass-ceramics can be made from ceramic phases in some circumstances. The

remaining glass phases soften, making it possible to shape them.
2.3 Properties of Glass-Ceramics

Because of their thermal properties, glass-ceramic materials do not shrink during
production. As a result, they can be found in a wide range of industrial and
technological uses, particularly in kitchenware. Crystals and microstructure control can
be used to reach desired transparency and opacity values due to their glassy phase and
nonporous structure. Another optical feature of glass-ceramic applications is that they
can achieve any desired colour. When chemicals interact with glass-ceramics, they have
advanced chemical properties due to the crystal structure, glass structure, and chemical
durability property. Mechanically, flexural strengths of up to 500 MPa have been
achieved, and toughness values of more than 3 MPa.m*2 have been achieved with the
developments [18, 35, 41, 42].
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2.4  Application Areas of Glass-Ceramics

Because of their superior engineering properties, glass ceramics can be used in a wide

range of industrial applications. Some of these application areas are given in Table 2.1.

Table 2.1 The main crystalline phases, properties, and application areas of some

glass-ceramic systems [37]

System Main Crystalline Phase Property Application Area
Li,O.Al,05.Si0, B-quartz Low thermal Kitchenware
(ZrO,, TiOy) -spodumene expansion Telescope
B- eucryptite High temperature Mirrors
resistance Oven Tops
Li,O.Al,05.Si0, Li,O.Al,05.Si0, Dielectric properties Electronic Insulation
(P20s) Chemical Optical Coding
resistance Magnetic Recording

Head
Electric Sleeve

MgO. Al,03.Si0O; Cordierite Radar permeable Missile Cap
(P20s, TiO,) (MgLAl4Sis04g) Low thermal Radar Dome
expansion
High strength
Pb0O.Zn0.B,0;.Si Rankinite Heat & Vacuum Electrotechnology
0, (3Ca0.Si0y) insulation Microelectronic
(F) Circuits
Capacitor
BaO.Al>03.Si0; Celsian High strength Kitchenware
(TiOy) (BaAl;Si,0s) Thermal shock Cookware
Barium Titanate resistance
(BaTiOs)
Si0,.Al,03:.Mg0.K;0 Phlogopite[KMgsA Turning ability Electrotechnology
1Si3010(F,OH)3] Dielectric Insulator
properties Hermetic Seals
Si0,.Ca0.Na,0 Apatite Biocompatibility Dentistry
(P20s) Cas(PO.)s(F,CI,OH Chemical Prothesis
) resistance
Si02.Al,05.MgO Mg-Al Titanate High hardness Construction
(TiOy) MgxAl2a-xTia+0 Resistance
Si02.Al;03.Ca0 Wollastonite High hardness Architectural
(Zn0O) (CaSiOs) Resistance Materials
Si0,.Al,05.Mg0.Ca0 Wollastonite High hardness Floor Tile
(Sulphide, fluoride) (CaSiOs) Abrasion Exterior
Anorthite resistance Architectural
(CaAl;Si>0s) Chemical Materials
Diopside resistance Pump
(MgCasSi»Oe) Pipe
Pyroxene
[(Na,Ca).(Mg,Fe,A
1)(Al,Si)20¢]
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2.4.1 Technical Applications

Radomes were the first glass-ceramics to be commercially available. The radar antenna
is protected by a structural, weatherproof enclosure. The electromagnetic signal
transmitted or received by the antenna is diminished to a minimum by Radom glass-
ceramic, which is sensitive to radio waves. This type of application necessitates a low
dielectric loss, low dielectric constant, low coefficient of thermal expansion, high

strength, and high abrasion resistance [43].

Electronics, chemistry, acoustics, optics, mechanics, and biology all benefit from
photosensitive and etched patterned materials, which are manufactured in extremely
sensitive miniature sizes for use in electronics, chemistry, acoustics, optics, mechanics,
and biology. The SiO.-Li2O system is commonly used to create these types of glass
ceramics. Ce** and Ag* ions make up the parent glass. Photoelectrons cause the
oxidation of Ce®*" to Ce*" and Ag* to Ag® in the compositions when exposed to UV.
Crystal phases are precipitated through controlled crystallisation during the heat
treatment at 600 °C [44].

Lithium metasilicate crystals are etched with dilute hydrofluoric acid to produce the
final product. Corning Glass marketed these refined glassy bodies under the Fotoform®
trademark. With a few modifications, the non-etched structure was marketed as

Fotoceram®.

Glass-ceramics with fluoromica are machinable GCs. The fluorphlogopite phase is
present in the most well-known machinable commercial glass-ceramic, MACOR®
(KMgzAISizO10F2). Macor is utilised in a variety of applications, including spacecraft
boundary retainers, electrical insulators, suction feedthroughs, microwave-type
component screens, field-ion microscope parts, seismograph coils, and gamma-ray lens
frames [45].

GCs can also be found in magnetic memory discs. The most common GC used for this
purpose are canasite, lithium disilicate, spinel—enstatite, and spinel. For this type of
material, nanostructured fracture toughness and young modules are crucial. For
example, the solid solution of Gahnite type, ZnAl>Oa, or spinel type, MgAl>O4, or the
solid solution of both types of crystals must be smaller than 0.1um, enstatite fracture

1/2

toughness is greater than 1MPa m*“, and spinel-enstatite material has a Young's
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modulus of 100-165 GPa, which is actually high in comparison to other GC materials,
which is the best-known option for magnetic memories [35].

Substrates for Liquid Crystal Displays (LCD) in personal laptop computers are made
using the SiO>—Al>03-Li20 system. The GCs become transparent when the wavelength
of visible light is larger than the crystallite size, and the crystals have nearly the same
refractive index as the parent glass.

2.4.2 Optical Applications

Due to various temperature fluctuations, Telescope Mirror Materials required a near-
zero coefficient of thermal expansion. This requirement is fulfilled by B-Quartz Solid-
Solution GCs. The Integrated Lens Array was made from lithium metasilicate/lithium
disilicate glass-ceramics with a thickness of about 20 m [46].

Because of their energy efficiency and reduced data loss, Luminescent Glass-Ceramics
are becoming increasingly popular. Cr-Doped Mullite for Solar Concentrators, Cr-
Doped Gahnite Spinel for Tunable Lasers and Optical Memory Media, Rare-Earth (such
as Ytterbium, Erbium, Praseodim, etc) Doped Oxyfluorides for Amplification,
Upconversion, and Quantum Cutting, Chromium (Cr*)-Doped Forsterite, B-Willemite,
and Other Orthosilicates for Broad Wavelength Amplification, Ni?*-Doped Gallate
Spinel for Amplification and Broadband Infrared Sources, Yttrium-(gadolinium)-
aluminate garnet glass-ceramic Phosphor for White LED were good examples for
luminescent GCs [35].

Optical Components such as Fiber Bragg Grating Athermalization, Laser- Induced
Crystallization for Optical Gratings and Waveguides, Ferrule for Optical Connectors,
Transparent ZnO Glass-Ceramics with Controlled Infrared Absorbance and Microwave

Susceptibility were also made of different crystal- based GCs [47].
2.4.3 Medical and Dental Glass-Ceramics

This title encompasses two distinct applications: implantology (medical prostheses) and

materials used in restorative dentistry (dental prostheses) [48].

Medical prostheses for orthopaedics, head and neck surgery, dental implants, and root
fillers are all made with implantology. All of them have one thing in common: they're
inserted into the human body. Restorative dentistry materials are not inserted into the

body. They're instead used to restore natural teeth. This category includes dental inlays,
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crowns, bridges, and veneers, to name a few. Although the materials in these two
groups appear to be similar, they are completely different. Biocompatible and bioactive
materials are required for implantology. Bioactive materials have a biologically active
hydroxycarbonate apatite layer that allows them to bond with bones and even soft
organs. Implant materials may be subjected to mechanical forces, necessitating the use
of strengths such as compression, tensile, shear, toughness, and Young's modulus.
Visual characteristics are frequently overlooked. Unlike implant materials, restorative
dental application materials must be aesthetically pleasing and look like natural teeth.
They must also be resistant to abrasion and corrosion, and they must not react with any
chemicals found in foods and beverages. Both types of materials require a great deal of
attention during production. Dimensional accuracy should be measured in micrometres,
and the surface properties should be completely smooth or rough depending on the
desired level of roughness. For these materials, different production methods such as
sintering, moulding, or machining using computer-aided design (CAD)/computer-aided

manufacturing (CAM) techniques can be used.
2.4.4 Electrical and Electronic Applications

Insulator materials are made with mica-type GCs. High dielectric constants are found in
these materials. To create composite materials with a high dielectric constant, SiO»-
TiO2-Nd20s and SiO2-Al.03-PbO GC systems are combined with sintered ceramics.
These inorganics are combined with a binder resin (butyl methacrylate), a solvent
(toluene), and a plasticizer (dibutyl phthalate) and Doctor Blade Technique applied to a
smooth flat surface with a thickness of 0.1 to 0.3 mm, then temperature was increased at
400 °C to burn out the organics and sintered at 900 °C to acquire mechanically strong
dense material. After the organics have been mixed, circuit patterns are siren printed on
the surface [49].

GC systems are also utilised in electronic packaging. To achieve composite materials,
Si0O2-Al203-MgO and SiO2-Al>03-Zn0O systems are combined with advanced ceramics
like ZrO,. IBM's special computers have used this packaging system for multilayer chip

carriers.

Dielectric Glass-Ceramics for GHz Electronics require special GCs. Dielectric oxide
ceramics have proven to be a game-changer in the microwave wireless communication

industry. They manufacture resonator and antenna components for a wide range of

27



applications, including cell phones and GPS systems. However, these ceramics have
some disadvantages that are irrelevant to their electrical properties, the most notable of
which are porosity, which causes metallization problems, and inhomogeneity, which
causes performance degradation. As a result, glass-ceramics in the SiO>-B203-TiO2—
ZrO>—La>,03-RE>03 system have been designed to meet the requirements of existing
ceramics while also being extremely homogeneous and porosity-free. Typically, glass

compositions are chosen to precipitate either LaxTi2SiOg or LasTigO24, Or both.
2.4.5 Architectural Applications

Nippon Electric Glass develops the most important glass-ceramic for building

applications under the NeopariésTM trademark [50].

The glass-ceramic is made in the following way: To make the foundation glass, granular
glass particles are used. In a totally automated process, the granular glass is shaped into
flat or curved panels in a tunnel furnace at temperatures up to 1100 °C. During the heat
treatment, the granular glass is sintered at 850 °C. Temperatures above 950 °C cause
wollastonite to crystalize. Weathering resistance, zero water absorption, lighter weight
than natural stone building materials, harder than natural stone, and so on are all
important properties for these types of materials. Fire-resistant windows fall into this

category as well.
2.4.6 Glass-Ceramics for Energy Applications

Several applications aimed at increasing the efficiency with which energy is produced
and managed use glass-ceramics as a critical part. Glass-ceramics are used in at least
three areas for energy generation: (i) solar energy efficiency, (ii) battery components,
and (iii) solid oxide fuel cells [51].

Batteries have three main components: cathode, anode, and electrolyte, and GCs can
effectively replace all three. The parent glass, for example, has a batch composition of
Li>O—-Fe;03—P>0s5—Nb.Os from which this phase is formed. Heat treatment was used to
begin the crystallisation process after the glass was melted in a reducing environment.
As a result of this method, LiFePO4 crystallised in a continuous phase. In the glass-
ceramic state, this crystal is chemically resistant to charge-discharge intercalation cycles
and has a higher thermal conductivity than when formed through a solid-state reaction.
As a result, when compared to a LiFePO4 ceramic battery, the glass-ceramic battery has

lower internal resistance and better high-rate discharge performance.
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3

GLASS CERAMIC COATINGS

Glass-ceramic coatings also referred to as enamel coatings, are an excellent technology

for preserving metal substrates and prolonging the life of metal products [52-53].

Mill additives along with other frit and flotation compounds, opacifiers, and colorants

are comprised of the glass-ceramic coating formulation [15, 54, 55].

Frit that has amorphous structure is the main components of the glass-ceramic coating
structure, it is essentially glass granules or flakes generated by melting a variety of
inorganic oxides at 1000-1500 °C and rapidly cooling process. Frit is powdered in ball
mills to achieve a uniform particle size [56-57].

The suspension is achieved by attaching water into the powdered frit and milling
additives, it is applied to the metal substrate using the wet application methods for
glass-ceramic coating include flow coating, spraying, dipping, electrophoretic
deposition. On the other hand, powdered frits can be applied on metal substrates using
thermal spray coating, and electrostatic powder spraying for dry application to obtain

glass-ceramic coatings on metal substrate after crystallization procedure [54, 57, 58].

The devitrification stage begins after the frit powder is applied to the substrate. The
characteristics of the devitrification or crystallization procedure change based on the
coating formulation and the metallic substrates. Glass-ceramic coatings adhered to steel
substrates are heated at temperatures ranging from 780 °C to 850 °C, whereas glass-
ceramic coatings applied to aluminium substrates are heated at temperatures ranging
from 500 °C to 570 °C [54, 58].

3.1 Definition of Glass-Ceramic Coating on Metal Substrates i.e.

Enamel

The word enamel is derived from the elevated German word "smelzan" and the old
French word "esmail." [59]. Enamel word is now referred to as "smalto™ in lItalian,

"email” in French, and "email™ in German [60].

Enamel is an inorganic glass-ceramic coating with a high heat capacity, great hardness

and durability, chemical stability, and resistance to abrasion due to the silicates through
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its molecular structure. 1ISO (International Standards Organization) defines enamel in
25.220.50 coded title as “substantially vitreous, or glassy, inorganic coating bonded to
metal by fusion at a temperature above 500 °C” [61], VEA (Vitreous Enamel
Association) explains enamel as “simply a thin layer of glass fused at high temperature
on to the surface of a metal” [59], PEl (The Porcelain Enamel Institute, Inc.)
characterize enamel as “substantially vitreous or glassy inorganic coating bonded to
metal by fusion at a temperature above 426.67 °C” [62] and IEI (The International
Enamellers Institute) describe enamel as “A natural material that is born from fire, is
immune to corrosion and as pure as glass, comes in a huge range of colours that remain
unaffected by time and atmospheric conditions, can always be recycled. A coating that
offers a global, utterly versatile response to the requirements of all sorts of industrial
sectors” [63].

Glass-ceramic coatings is prepared by milling the frits into powder and applying it to
metallic surfaces like ferrous or non-ferrous such as aluminium and copper, finally
heated at temperatures ranging from 500 to 870 °C. The melt of the inorganic oxides is
quenched. This process generates the amorphous structure that allows regulated
crystallization is referred to as "frit". Electrostatic spraying, wet spraying,
electrophoretic deposition, dipping, and more contemporary thermal spray techniques

are all used to apply glass-ceramic coating.
3.2 Chemical Structure of Glass-Ceramic Coatings

Glass-ceramic coatings are made up of structures known as "frit" that has amorphous
structure. They are semicrystalline glassy coating materials obtained by vitrification and
recrystallization of oxides such as SiO, B203, Al>0s, Na2O, NiO, CuO, P20s, Fe2O3 in
accordance with the Seger formulation [15]. Its production is grouped into four
categories: i) high-temperature fusing-quenching thus obtaining frit, ii) milling of frit
with or without milling additives, iii) application of milled frit to the metal substrate, iii)
crystallization stage at relatively high temperatures (720-850 °C) [35]. An aesthetic
coating material that is resistant to mechanical, chemical, and thermal damages is
obtained based on the crystal and amorphous structure generated at the conclusion of
the procedure [18].

In Table 3.1, the oxides can be categorized based on their functionalities in the glass-

ceramic structure. In glass-ceramic systems, silica possesses the ability to form glass at
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a sufficiently high temperature (above 1700 °C) without using any other components. In
glass-ceramic formulations, SiO2 is the most utilized component than other glass-
ceramic components. The vitreous coating such as glass-ceramic coatings are a silica
tetrahedra network with other materials brought in as modifiers. Low melting point
components consist of one or two parts of SiO> per part of other components and melt at
temperatures of 1050 °C or lower, whereas compositions that melt at 1250 °C or higher
contain three to five parts of SiO2. The most significant disadvantage of SiO, as a

coating ingredient is its extremely high melting point (more than 1700 °C) [16].

Table 3.1 Raw materials of glass-ceramic coatings, minerals and the functions of the
components [64]

Component | Minerals Functions
SiO; Quartz Refractory component, glass forming oxide, hardens the
Feldspar vitreous system, adds chemical resistance and increases

viscosity.
B20s Borates Flux that produces the vitreous matrix, reduces viscosity

and increases surface hardness.

Na20O Albite
Feldspar :
K20 Micropcline Alkaline components that lower the temperature at
Li,O which glass softens, reduce its elasticity and increase its
i Spodumene brilliance
Petalite '
Lepidolite
Al,O3 Feldspar Increases viscosity and chemical, mechanical and

Corundum | thermal resistance, reduces the expansion coefficient
and favours an opaque finish.

ZrO; Zirconium Improves resistance to acids, to knocks and to shocks,
acts as an opacifier.

ZnO Zincite _ N
Blende Excellent flux, lowers the expansion coefficient and

. improves brilliance and surf lity.

Wurtzite proves brilliance and surface quality
CoO Cobaltite A very strong adherence agent, it produces a structure

with lots of small, well distributed bubbles.
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Table 3.1 Raw materials of glass-ceramic coatings, minerals and the functions of the

components [64] (devami)

Component | Minerals Functions
NiO Niccolite A second adherence agent, it produces a structure with a
small number of large bubbles.
CuO Copper When combined with primary bonds, it triggers the
Oxide adherence reaction at lower temperatures.
MnO; Manganese | Produces brown-coloured frits, intensifies dark colours
Dioxide and acts as an oxidant and as a weak bonding agent.
Sh203 Antimonite | Produces a high degree of opacity and improves
resistance to acids.
TiO2 Rutile Opacifiers, it increases whiteness, brilliance and
Anatase resistance to acids and heat.
BaO Baryte
Witherite
Calcite Alkaline-earthy components that integrate anti- acid
glass-ceramics coating, increasing their resistance, their
CaO Dolomite smelting facility and their viscosity.
MgO leestone
Periclase
P20Os Apatite Alters the opacity of the finish, improves colour stability
and reduces chemical resistance.
F2 Fluorite Softens glass and influences the opacity

32




Table 3.2 The classification of oxides according to their functions in the glass structure

Glass Glass Glass Adhesion Nucleating
Former Modifier Modifier Agents Agents
SiO2 MgO Li2O MnO- TiO2
GeO; Ca0o Na20O CoO ZrO;

B203 SroO K20 NiO Fe203
P20s BaO Cr203
Sh20s ZnO

The function of the components in the chemical structure of glass-ceramic coatings
divide the oxides utilized into five categories: fluxes, refractories, adhesion agents,

opacifiers, and colorants.
3.2.1 Fluxes

The primary purpose of this class of flux oxides is to lower the melting point of SiOg,
also the consistency of the glass-ceramic coatings are improved by the oxides in this
class. The consistency appropriates improves the adherence between glass-ceramic
surface
(Naz[B4Os(OH)4]-8H:0), soda ash (Na:COs), soda nitrate (NaNOsz), fluorspar (CaF>),
cryolite (NasAlFs), barium carbonate (BaCOs), magnesium carbonate (MgCOs), litharge
(lead (I1) oxide), red lead (lead (I, IV) oxide), and zinc oxide (ZnO) are some of the
common feedstock in this class [65].

coatings and the substrate and enhances the quality.  Borax

3.2.2 Refractories

This class of material contributes to the formation of the glass mesh and aids the acidic
fraction of the melt. Quartz, feldspar, and clay are the most important components in
this class. As a glass-former, quartz influences the mechanical and chemical qualities of
the final network [65].

3.2.3 Adhesion Agents

The adherence property of the interface which is formed in between the glass-ceramic

coatings and the metallic substrate is very significant. For this reason, oxides in the
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melting such as CoO (cobalt oxide), NiO (nickel oxide), and CuO (copper oxide) are
employed. CoO (cobalt oxide) is the most essential adhesion agent, as it not only offers

adhesion but also serves as a blue colorant [65].
3.2.4 Opacifiers

The primary duty of oxides in this class is to provide opaque glass-ceramic coatings.
Opacifying oxides can be listed as Sb20s (antimony oxide), NabOsz (sodium
antimonate), TiO (titanium dioxide), ZrSiO4 (zirconium silicate), and ZrO (zirconium
oxide). The refractory features of these oxides are distinctive, also additional
supplemental opacifiers, such as NasAlFs (cryolite) and CaF (fluorspar), enhance the
melt's fluidity [65].

3.25 Colour Agents

Glass are a kind of coating that stands out because of their exceptional technical
qualities and their aesthetic qualities, as well as various colours and tints. CoO (cobalt
oxide), CuO (copper oxide), FeO (iron oxide), and NiO (nickel oxide) are the most
utilized oxides in this class. These colour agents can be used as colorants without the
addition of any other ingredients, or pigment can be added to frits to act as a colorant
[65].

3.3 Adhesion Mechanism Between Glass-Ceramic and Metallic
Substrate
3.3.1 Diffusion Theory

At the interfaces between the glass-ceramic coating and the metallic substrate, iron
diffusion from the metallic substrate to the glass-ceramic material and silicon diffusion
from the glass-ceramic to the substrate material occur. As a result, the diffusion process

is thought to contribute to the adhesion mechanism [66].
3.3.2 Chemical Theory

In this theory, when the glass dissolves the existing oxide layer and encounters the
metal during sintering, a driving force occurs for the metal to oxidize and create the iron
oxide (FeO) molecule [67].

Reactions occurring in the substrate material during the firing of glass-ceramic coating;
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Fe reduces CoO (cobalt oxide) and NiO (nickel oxide) molecules in glass-ceramic

Fe30s — Fe?t + 2Fe®* + 40,

2 Fe* + Fe — 3Fe?

coating composition to obtain metallic cobalt and nickel;

As you proceed along the bottom of the Ellingham diagram, the oxygen affinity of the
compound increases. At the heating point of glass-ceramic, iron has a stronger oxygen

affinity than nickel and cobalt, as indicated in Figure 3.1. As a result, cobalt and nickel

Fe + CoO — FeO + Co

Fe + NiO — FeO + Ni

are mostly used to provide adhesive qualities [54, 67].

=RTInp,) kimol'0,

(a)

Standard Free Energies of formation of oxides (-AG’

Figure 3.1 Ellingham Diagram [54]
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3.3.3 Mechanical Theory

The mechanical approach is based on the field of contact between the substrate and the
coating. [54]. Chemical (using hydrochloric HCI and sulfuric acid H.SO4) and
mechanical treatment of the metallic substrate surface enhances the glass-

ceramic/substrate contact [58].
3.4 Properties of Glass-Ceramic Coatings

3.4.1 Thermal Properties
3.4.1.1 Thermal Expansion

Thermal expansion occurs when the volume or length of a material increases as the
temperature rises. In other words, the volume or length changes occurring in the
substance can be determined by follow up them at 1 unit temperature change. The
thermal expansion coefficient is calculated by multiplying the unit shape change by the
temperature difference. The linear thermal expansion coefficient explains the change in
the length of the material as the temperature of 1 °C rises. The following equation is

used to calculate the linear thermal expansion coefficient (a):

1Al
O(_TXE (35)

where 1 is the length of the material, and Al is the elongation obtained by means of

heating through At °C.

The volume thermal expansion coefficient explains how the volume of a material
changes as the temperature rises by 1 degree Celsius. In isotropic bodies, such as
amorphous structures and glasses, the relationship between the volume thermal

expansion coefficient () and the linear thermal expansion coefficient («) is as follows:
B=3.a (3.6)

The thermal expansion coefficient in glass-ceramic coatings is important because it
affects the bond between glass-ceramic coatings and metal. The thermal expansion
coefficients of glass-ceramic coating and substrate metal must be close to each other in
order for glass-ceramic coatings technology to work. The glass-ceramic coating will
shrink quickly during cooling after firing if the thermal expansion coefficient of the
glass-ceramic coatings is lower than that of metal. The metal surface stands out against

glass-ceramic coating shrinkage when the glass-ceramic coating-metal bond is
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particularly strong, as determined by glass-ceramic coatings adhesion parameters.
Stress-developing cracks stay in the structure when the glass-ceramic coatings’ tensile
strength is surpassed in this case. Chipping defects, on the other hand, occur when the
metal's thermal expansion coefficient is lower than glass-ceramic coatings’ compressive
strength. The expansion coefficient of the glass-ceramic coatings should be less than the
metal in glass-ceramic coatings applications because compressive strength is 15-20
times more dangerous than tensile strength [68-69]. Table 3.3 lists the volume thermal

expansion coefficients of a variety of metals and glass-ceramic coatings.

Table 3.3 Cubical thermal expansion coefficients of some glass-ceramic coatings and
some metals [69]

Material Cubical Thermal Expansion | Temperature
Coefficient (3.0 x 107) Range (°C)

Iron 426 0-500

Low Carbon Steel 465 27760

Cast Iron 378 -390 20 - 500
Ground Coat for Steel 240 - 300 0-100
Cover Coat for Steel 280 — 360 0-100
Ground Coat for Cast Iron 250 - 300 0-100

3.4.1.2 Thermal Shock

The thermal shock resistance of glass-ceramic coatings describes how the glass-ceramic
reacts to rapid temperature changes and is calculated mathematically according to

Winkelmann and Schott's proposal:

K== 2.4 (3.7)
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where P is tensile strength, a is the linear expansion coefficient, E is the elasticity
modulus, A is the thermal conductivity coefficient, c is the specific heat and d is the

density.

Thermal shock resistance is determined by a variety of factors, including not only
specific thermal properties, but also a variety of other factors. Internal strains play the
most important role here. Because glass-ceramic coatings have a lower coefficient of
thermal expansion than metal, it creates compressive strains during rapid heating and
tensile strains during rapid cooling. Because compressive forces are weaker than tensile
forces, glass-ceramic coatings are more resistant to thermal shock during rapid heating.
The magnitude of the strains is also important in this case. The thermal shock resistance
of convex surfaces is lower than that of concave surfaces because convex surfaces have
more tension than concave surfaces. Thermal shock resistance is also affected by glass-

ceramic coating thickness and substrate metal thickness [68].

As previously stated, glass-ceramic coatings’ thermal shock resistance is reduced when
they are rapidly cooled. The cooling environment, on the other hand, is crucial. The
action of thermal shock with cold air is weaker than that of thermal shock with cold
water. As a result, cold water tests are used to assess the thermal shock resistance of
glass-ceramic coatings [70].

3.4.1.3 Fusibility and Fluidity

Fusibility and fluidity are important properties related to the molten state that come to
the fore during the melting and firing of glass-ceramic coatings raw material after
application. The chemical composition is in charge of it, but its calculation has largely
remained experimental. The majority of the calculations were correct for a specific
range of composition. As a result, tests like the cone fusion test, fusion flow test, fusion
block test, bead test, and interferometer test have become important for each glass-
ceramic coating composition. The cone fusion test determines deformation intervals, the
fusion flow test determines temperature-related hardness and softness of frit, the fusion
block test determines the fusion temperature of glass-ceramic coatings compositions,
the bead test determines frit fusibility, fluidity, and surface tension properties, and the

interferometer test determines the expansion coefficient [68].
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3.4.1.4 Viscosity

The viscosity property of glass-ceramic coatings, like that of all glassy materials, is a
valid parameter that is highly affected by temperature, so a small change in temperature
can cause a large change in viscosity. T temperature is the temperature at which the
material becomes brittle and has a viscosity of 1012 N.sec/m? as shown in Figure 3.2.
The viscosity value was 10 N.sec/m?, and the melting temperature was Ts.
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Figure 3.2 Viscosity — Temperature curve for a theoretical glass [71]

The chemical composition can be used to calculate these values. In glass-ceramic
coatings, the Te temperature is usually below 500 °C, and the Ts temperature is around
1400 °C. In addition, as the viscosity rises, the glass-ceramic coatings' firing
temperature rises, the gas evolution decreases, and the surface flatness rises. Low
viscosity values, on the other hand, cause glass-ceramic coating defects and uneven
coating thickness. The viscosity of glass-ceramic coatings varies between 102 - 103
N.sec/m? during the firing process [68].

The viscosity values of the prepared glass-ceramic coating slurry can be easily adjusted
in wet applications of the glass-ceramic coating process using materials such as boric
acid, clay, and sodium nitrite.
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3.4.2 Physical and Mechanical Properties
3.4.2.1 Density

In wet applications, the density (specific gravity) property is commonly used to control
the fluidity of the sample. Glass-ceramic coatings should be diluted in terms of density,
which can be measured with a pycnometer. The formula for calculating glass-ceramic
coatings’ density is:

S=(w—p)/[(W—p)— (w2~ wi)] (3.8)

where S is the specific gravity of glass-ceramic coating, w is the weight of the tapered
pycnometer and sample, wy is the weight of the tapered pycnometer filled with water,
and w- is the weight of the tapered pycnometer, sample, and water, and p is the weight

of the tapered pycnometer [69].
3.4.2.2 Specific Heat

The amount of heat required to raise the temperature of a 1 kg material at constant
pressure and volume by 1° C is known as specific heat. The formula for calculating the

specific heat of glass-ceramic coating is as follows:
S=pr.S1+p2S2+pP3S3... (3.9)

where S is the specific heat of the glass-ceramic coating, p is the percentage of the oxide
and s is the factor for the oxide [69].

3.4.2.3 Hardness

Glass-ceramic coatings’ hardness values vary little depending on chemical composition,
and according to the Mohs scale, glass-ceramic coatings’ hardness values range from 5
to 6. Rockwell, Brinell, and Knopp hardness measurement methods are not commonly
used because they produce insufficient results for glass-ceramic coatings. The scratch

resistance of glass-ceramic coating is also measured using the Mohs scale [69].
3.4.2.4 Elasticity

Despite the fact that elasticity is an important property in materials, it is not commonly
used in the glass-ceramic coatings field. Mechanical and sonic methods can both be

used to analyse it. The mathematical formula for the mechanical method is:

E = 4PL%bd3A (3.10)
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where P is the load, L is the length of the material, b is the width, d is the thickness and
A is the deflection [69].

3.4.2.5 Compressive Strength

The compressive strength of glass-ceramic coatings is a frequently overlooked property
that has the potential to influence other characteristics. For standard glass-ceramic
coatings, it has a value of 77-81 kg/mm? and can be calculated using Winkelmann and
Schott's formulas [69].

3.4.2.6 Tensile Strength

Although glass-ceramic coatings tensile strength is an important property, determining
it can be difficult. Due to their brittle fracture properties, glass-ceramic coated materials
are excellent for breaking. As a result, a variety of approaches to its examination have
been proposed. Although it is not a desired or directly analysed property, it has an
impact on the thermal properties of glass-ceramic coatings, particularly their thermal
expansion [69].

3.4.3 Chemical Properties
3.4.3.1 Acid Resistance

Glass-ceramic coatings are constantly exposed to acid attack in a variety of applications,
particularly in kitchenware. SiO. is one of the most important oxides affecting acid
resistance because the acid resistance of the glass-ceramic coating is determined by the
continuity of the structure [SiO4] in the glass-ceramic coatings. To resist the corrosive
effect of acid, [SiO4] tetrahedrons are used to cover the surroundings of {[AlO4] - R*}
and {[BO4] - R*]} in the structure. That is, as the SiO, content in the glass-ceramic
coatings recipe rises, so does acid resistance. In contrast, as the R2O group in the
structure grows larger, the Si-R-O structure formed by ions like Li*, Na*, and K*

disrupts the continuity of the [SiO4] tetrahedrons, lowering acid resistance. [72-73].
3.4.3.2 Alkali Resistance

Depending on the area of application, glass-ceramic coatings may also be subjected to
an alkaline attack. The alkali attack, on the other hand, is slower than the acid attack. As
a result, the glass-ceramic coatings' alkali tests are longer lasting. Furthermore, when
corrosive materials that cause ion exchange leach in the coating structure are compared

to acid and alkaline solutions, the effect of corrosive materials that cause ion exchange
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leach in the glass-ceramic coatings structure is lower. Sodium pyrophosphate, sodium
hydroxide, and sodium bicarbonate solutions are commonly used to test it.

The hydrogen ions in the solution react with the glass-ceramic coatings matrix and
cause the alkaline ions in the glass-ceramic coatings to ionise, resulting in the ion
exchange leach of glass-ceramic coatings. This is a pH-dependent reaction that occurs
most often at pH <9 [73].

In the presence of two non-bridging oxygen atoms, the reaction between hydrogen ions
and a silica network produces alkaline ions. This means that any of the alkali metal ions
bound by non-bridged oxygen will easily replace hydrogen, resulting in the formation of

an aqueous surface layer.

The dissolution of the silicate structure typically begins at pH > 8 and progresses as the
pH rises. The OHs react with the hydrated layer or glass matrix at these pHs. The
formation of Si(OH), the molecules that enter the alkaline solution, is the result of
further reactions of hydroxyl groups with the first product. The second product, SiO-,
reacts with water to form SiO” + H.O — Si-OH + OH reaction. As a result of the

repeated reactions with hydroxyl groups, glass-ceramic coatings is eroded [73].
3.4.3.3 Water Resistance

At room temperature, glass-ceramic coatings are resistant to water and retain their
structural integrity. Furthermore, the coating structure is unaffected by hot water. The
coating structure, on the other hand, begins to deteriorate after prolonged exposure to

high temperatures and pressures at the point of use [73].

Glass-ceramic coatings in tests conducted according to the DIN EN I1SO 4753-3
standard indicate that the glass-ceramic coatings should not exceed 8 mg/m? after 21 +
21 days (total 42 days) of testing [38]. In thermosiphon, valve, and boiler applications,

water resistance is critical.
3.5 Application Areas of Glass-Ceramic Coatings

Glass-ceramic coatings possess superior engineering characteristics, such as resistance
to high temperatures and chemical corrosion, as well as mechanical strength and
aesthetic qualities, and can be found in a variety of applications, including water
heaters, thermosiphons, boilers, fireplaces, pipelines, silos and hot water services. In

addition to these properties, glass-ceramic coatings are a vital coating for kitchenware
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and cookware because of their outstanding technical features, aesthetic appeal, and
countless colour options [64, 65, 74].

3.6 Coating Methods for Glass-Ceramic Coatings

The wet and dry glass-ceramic coating processes are both available. The coating
technique is chosen after considering the application area, cost, sheet metal properties,
and glass-ceramic properties. Glass-ceramic coatings are glass-ceramic coatings that are

applied to metal substrates.
3.6.1 Spraying Method

Spray glass-ceramic coating can be applied to body metal by compressing air and
spraying glass-ceramic slurry or powder. Handwork spraying and automatic machine
spraying are the two most common methods for spraying glass-ceramic coating.

Automatic machine spraying allows for mass production [75].

For both indented and flat parts, spray glass-ceramic coating can be used. It's used in the
manufacturing industry to cover stove side panels, kitchenware tools like pots and pans,
kitchen trays, chassis, doors, body, grill, stove plate, and burner. Glass-ceramic slurry
for spray glass-ceramic coating in the wet process should be optimal, meaning glass-
ceramic suspension large enough to attach to the metal surface but small enough to pass
through the spray nozzles, in order to achieve a better atomization effect. Batch particles
larger than the nozzle diameter can clog the holes, resulting in no or intermittent glass
ceramic application. This will slow down production and result in inefficient operations,
as well as inhomogeneity in coating thickness and a rough coating surface. Aside from
that, enough attention should be paid to the quality of the glass-ceramic surface after

drying and firing to avoid cracking and shrinking [76].

The glass-ceramic powders spilled over the spray can be reused without adhering to the
part, which is a significant advantage of the spray method. As a result, dust, oil, and dirt
from the environment should be kept out of the cabin where the application is made
[77].
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Figure 3.3 Wet Spraying Method

3.6.2 Dipping Method

Dipping is the most basic and straightforward method of glass-ceramic coating. It's
appropriate for single-color products. This method is commonly used to coat the inner
and outer surfaces of pots and pans. If the metal body is small, round, and has a simple
shape, all we have to do is dip it in batch and pull it out after it has coated enough batch,

then turn, hook, or swing it to remove the excess batch.

The density of the batch in the immersion pool, the fineness of grinding, and the set
value should all be monitored and controlled in order to achieve a uniform glass-

ceramic coating [54].

Figure 3.4 Dipping Method in the Wet Process

3.6.3 Electrophoresis Method

Electrophoretic deposition (EPD) is a common technique for coating complex shapes in
ceramics, such as the assembly of nanoscale particles into nanostructures and
micropatterned thin films, solid oxide fuel cells, structural and functional composites,
textured ceramics with crystalline oriented microstructures, and bio-compatible coatings

on metal implants.
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The density and particle size of the glass-ceramic, as well as the amount of power
applied, are the most important parameters affecting coating quality in the
electrophoresis method. There is a stable colloidal suspension with charged powder
particles in this colloidal process. In this suspension, the depositing electrodes have the
required shape. Electrophoresis and deposition are the two processes involved. The first
step, electrophoresis, involves charged powder particles migrating towards an electrode
under the influence of a DC electric field. Powder particles deposit on the dense mass

electrode during deposition [78].
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ﬁ

Figure 3.5 Electrophoresis and Deposition Process for Electrophoresis Method [79]

3.6.4 Flow Coating

The immersion method of the modern industry's modified version is called flow coating.
The glass-ceramic-coated part isn't immersed in the batch in this method. Rather, one or
two nozzles are used to pour the batch onto the part to be coated. This method is less

expensive and quicker than immersion [54].

Figure 3.6 Flow Coating Method
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3.6.5 Thermal Spray Method

Thermal spraying is a group of coating processes in which finely divided metallic or
non-metallic materials are deposited in a molten or semi-molten state to form a coating.
It entails injecting powder particles into a hot, high-velocity gas jet, where they are

heated, accelerated, and projected onto a substrate to form a coating [80-81].

Plasma spraying, high-velocity oxy-fuel spraying, D-gun spraying, combustion flame

spraying, and arc-wire spraying are some of the processes used [82].

In this method; between the substrate and the molten or semi-molten glass-ceramic
particles, Van Der Waals forces, diffusion bonding, and mechanical bonding occur.
Depending on the process and feedstock, the coating thickness ranges from 20 m to
several mm. Electrical (plasma or arc) or combustion heating is used to heat the material
(combustion flame). Thermal spraying methods have the disadvantage of producing
high-porosity coatings. Due to the glass-ceramic composition, it has good adhesion,
high hardness and density, and high corrosion, heat, and wear resistance [80].

3.6.6 Electrostatic Powder Glass-Ceramic Coating Method

The application of electrostatic coatings is based on the transfer of an electric charge to
dry powder particles. Glass-ceramic in the form of solid powder is electrostatically
charged with an applied voltage of about 80-100 kV and sprayed on the substrate
material in this method. The charging electrode's supplying voltage and current have an
impact on the coating quality. The powder can bond to the substrate material by

adjusting the voltage settings [54-83].

Figure 3.7 Charging of Powder Particle Particles in Corona Discharge
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A

BLAST FURNACE SLAG

Iron and steel manufacturing plants are material-intensive industries that convert iron
ore or iron scrap materials into steel within a day. These integrated plants are separated
into two main production routes, iron ore, and iron scrap, according to the raw material
used [84]. These plants are BF (Blast Furnace) - BOF (Basic Oxygen Furnace) plants
that use iron ore as raw material, and EAF (Electric Arc Furnace) plants that use iron
scrap as a raw material [84]. The first step in this refining and transformation
manufacturing process takes place in a BF facility, which processes the raw materials to

produce crude iron with a high carbon concentration (4-5 %C) [85].
4.1 Formation of Blast Furnace Slag

Blast Furnace Slag (BFS) is formed by smelting iron ore, iron scrap, coke, and flux
during the ironmaking process. This pyrometallurgical method utilizes around 1400 kg
of iron ore, 800 kg of coal, 300 kg of flux, and 120 kg of iron scrap to obtain 1000 kg of

crude iron [85].

Iron ores are mainly extracted from rocks in the form of hematite (Fe2Os ~ 70% Fe) or
magnetite (FesOs ~ 72% Fe) in the production of iron crude [86]. Coke, which has
minimal impurities and a high carbon concentration, is utilized as a fuel and reducing
agent in the BF process. Limestone and dolomite materials are used as a flux. These
fluxes are sedimentary carbonate rocks made primarily of calcite (CaCO3) and dolomite
(CaC03.MgCO3) [86]. The chemical composition of limestone and dolomite is given in
Table 4.1 [86].
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Table 4.1 Chemical composition of fluxes is used in ironmaking [86].

Component Limestone Dolomite
CaCOs 95.3 54.5
MgCOs 3.1 42.0

CaO 53.4 30.6
MgO 15 20.1
SiO2 0.7 2.6
R20s3 0.3 0.3

Coke, iron ore along with flux, is first charged into the top of the BF. A hot air blast of
around 1000 °C is injected from the furnace's base through nozzles called tuyeres [87].
The furnace’s hot air blast to the furnace burns the coke resulting in CO (carbon
monoxide). The hot air maintains the high temperatures required by reductant gases to
convert the iron oxide in iron ore to iron [84]. In the BF, the fluxing agents (limestone
and dolomite) fuse with the gangue (siliceous and aluminous residues from iron ore)
and coke ash to obtain slag [88]. The slag is generated to make it easier to fusible the
impurities in the raw materials, and it is a combination of these impurities. Iron ores
exist in nature with the impure situation. The impurities extracted from the molten
metal, combine with the basic oxides in the fluxes to form slag in the CaO-MgO-SiO»-
Na20-K20-Al,03-Fe;03 system, and the slag is eliminated from the furnace (Figure
4.1) [85]. Calcination of limestone begins at temperatures higher than 800 °C in the BF,
and decomposition of dolomite begins at around 700 °C [86]. These decomposition
processes are endothermic reactions. CaO (calcium oxide) has a base nature and reacts
with acidic impurities in the iron ore. In addition, the sulphur in the various raw

materials is absorbed by the liquid slag [86].
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Fe20s3 + Al203 (%)

Figure 4.1 Normalized CaO (MgO)-SiO2(Na20, K20)- Al203(Fe203) phase diagram
for various types of iron and steel slags. Acronyms: blast furnace slag (BFS); basic
oxygen furnace slag (BOFS); electric arc furnace reducing slag (EAFRS); electric arc

furnace oxidizing

4.2  Chemical Compositions of Blast Furnace Slag

Depending on the nature of the ore, the chemical composition of the fluxes, and coke
consumption, the chemical composition of slag might vary significantly between
operations [86]. These differences have an impact on the concentration of the four main
ingredients, lime, silica, alumina, and magnesia, and the contents of the minor
ingredients, sulphur, and manganese oxides. The chemical composition of BFS is given
in Table 4.2.
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Table 4.2 Chemical composition of Blast Furnace Slag

Reference SiO2 | AlkOs | Fe203 | CaO MgO SOs TiO2 MnO
Japan [89] 33.8 13.4 0.4 41.7 7.4 0.8 - 0.3
India [90] 3297 | 17.97 0.72 35.08 | 10.31 - - -
Australia[91] | 344 14.5 - 40.5 6.5 - 1.5 0.5

Spain [92] 32.32 | 10.62 0.86 45.20 6.35 2.03 0.54 0.31

Poland [93] 38.7 7.7 0.6 40.5 6.32 0.31 - -

Mexico[94] | 323 | 105 | 05 | 394 | 87 3.2 - 05

4.3 Types of Blast Furnace Slag

In the reusing of BFS is generally based on cooling process. When the BFS is cooled,
air-cooled, granulated, and pelletized or expanded types are obtained. Pelletized
expanded slag is cooled by a water jet. Steam, and developing vesicles is obtained,
hence the density of slag is reduced and leads to bind with hydraulic cement paste as a
good mechanical bond [95]. This finely ground, expanded slag generally used as a
lightweight aggregate and can possess similar cementitious properties with GGBFS
[95]. BFS is divided into air-cooled BFS and granulated (crystallized) BFS, as shown in
Figure 4.2.

Air-cooled slag . Road base
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Figure 4.2 Production flow chart of Blast Furnace Slag

Air-cooled BFS is produced by allowing molten slag to cool in open pits or yards [87].

The rapid cooling of molten BFS with a high-pressure water jet produces granulated
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blast-furnace slag (GBFS). This granulated slag contains glassy granular particles (< 5
mm) like sand [96]. Approximately 80% of BF slag is rapidly cooled from a molten
state of about 1500 °C to glassy sand termed granulated slag [87]. The remaining 20%
is cooled naturally or with water spray before solidifying into rock-like lumps. These
lumps, known as air-cooled slag, are crushed, sieved, aged to prevent the environmental
impact, and finally delivered as finished materials. The physical properties of air-cooled
BF slag are given in Table 4.3.

Table 4.3 Physical properties of air-cooled Blast Furnace Slag [86].

Specific Bulk Water Impact Crushing | Polished | Abrasion
density density absorption | value dry value stone value
(kg/m®) (%) (%) (%) value (%) (%)
2.38-2.76 | 1150-1440 1.5-5 21-42 25-39 50-63 5-31

Air-cooled blast furnace slag has been extensively used as a construction aggregate and
provides superior mechanical properties to aggregate slag concrete [97]. The granulated
BFS can replace up to 50% clinker in the production of cement [98] owing to the
excellent hydration properties of BFS. Granulated BFS allows for improving the
resulting product qualities, reducing raw material and energy consumption, and
decreasing the environmental impact of cement production [97]. The properties of
ground granulated BFS are given in Table 4.4 [99].

Table 4.4 Physical properties of air-cooled Blast Furnace Slag [86]

Hydraulic Bulk Density | Glass Content Angle of Chloride lon
Index Repose
1.7-1.9% 850 kg/m3 > 85% Approx. 35° <0.025 %

The crystalline character of an air-cooled BF is due to gas bubbles dissolved in the
molten slag, which result in a cellular or vesicular structure. The air-cooled slag is
crushed to angular, roughly cubical particles with pitted surfaces [99]. Hydraulic

cements or bituminous binder ingredients supply an excellent bond. High internal
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friction angles and particle interlock lead to excellent stability. Bulk density is affected
by particle size and grading; larger particles have more interior cells or vesicles and
hence possesses a lower bulk density [99]. The coarse sizes may possess bulk densities
as much as 20% lower than natural aggregates with the same gradation. On the other
hand, the fine air-cooled BFS (passing a 4.75 mm or No. 4 sieve) is nearly equivalent
density for natural sand [99]. Air-cooled BF slag possesses a low coefficient of thermal
expansion and a high fire resistance. Air-cooled BFS possesses relatively high-water
absorption because of its porosity [99]. BF slag is one of the more absorbent types of
aggregates. The rough texture and relatively high porosity, together with its alkaline
reactivity, generate excellent adhesive properties, especially in the presence of water
[99].

4.4 Market Share of Blast Furnace Slag

The total worldwide production volume of pig iron increased from approximately 933
million metric tons in 2009 to 1.28 billion metric tons in 2019. Iron slag from blast
furnaces may be estimated to be 25% to 30% of crude (pig) iron production [100]. The
production quantity of BF slag is approximately 300 kg per ton of pig iron, and roughly
40 million tons of iron/steel slag is produced in Japan every year [87]. According to
U.S. Geological Survey, world iron slag production was estimated to be between 340
million and 410 million tons in 2021 [100]. In 2021, Blast furnace slag was about 49%
of the tonnage sold and accounted for 87% of the total value of slag, most of which was
granulated in U.S. According to World Steel Association [101], 0.28 kg of BF slag is
produced per kg of hot metal, and 97% of the total amount of BF slag generated is
recovered, of which 84% is used for cement making. According to Eurofer [102],
ferrous slag substituted in different production fields is shown in Figure 4.3 in 2020.
The rise in total ferrous slag sales in 2018 was little greater than the increase in local
cement sales [95]. GBFS sales increased by 0.3 million tons to 3.4 million tons in 2018,
representing for 40% of BFS sales tonnages and 20% of total iron and steel slag sales
tonnages. The overall value of GGBFS rose by $39 million to $345 million, accounting
for 88% of BFS sales and 78% of total iron and steel slag sales [95].
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Figure 4.3 Total slag utilization [102]

4.5 Utilization of Blast Furnace Slag as an Alternative Raw Material

Utilization of the BFS creates benefits in respective engineering, economic, and
environmental. It is significant that establish a relationship between the properties of the
resultant product and the properties of slag such as mineral, chemical, physical, and
even “negative” properties [103]. If the resulting product is technically safe,
environmentally acceptable, and economically viable, the benefits will coexist and there

will be a potential for use of the slag, as shown in Figure 4.4 [104].

Engineering factors

Environmental factors Economic factors

Greatest potential for use of slag

Figure 4.4 Sustainable key of utilization of slag [103]
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4.5.1 Blast Furnace Slag as an Alternative Raw Material for Glass-Ceramics

Y. Fan et. al [105] investigated sintering mechanism, structure and crystallization of
Ca0O-MgO-Al»03-SiO, glass-ceramics from blast furnace slag with different amount
Zn0. The resultant products were prepared by 60 wt. % BFS. SiO2, Na:0, K:0, BaO,
B>O3 and ZnO ingredients. The glasses or glass-ceramics were characterized by Raman
Spectroscopy, Differential Scanning Calorimetry (DSC), Hot Stage Microscopy (HSM),
XRD, and Field Emission Scanning Electron Microscopy (FE-SEM). The principal
crystal phase of the glass-ceramics was akermanite (Ca2MgSi>Oy7); ZnO promoted the
precipitation of Ca>MgSi>O7. With the increase in the ZnO content, the bulk density of
the glass-ceramics increased while the flexural strength and microhardness decreased.

Y. Lui et. al [106] examined glass-ceramic glazes derived from blast furnace slag and
fly ash. The total usage rate of industrial waste materials was 60 wt. %, some potash
feldspar and borax additives were added as fluxing agents. The glass-ceramic glazes
were characterized using Thermogravimetric Analysis (TGA), DTA, XRD and SEM
devices. The anorthite (CaAl2Si>Osg) and akermanite (Ca2MgSi2O7) crystalline phases
were produced at 670 °C and crystallizing at 884 °C with disperse well in glassy matrix.
The resultant crystalline phases can be obtained without further addition of nucleation
agents due to existence of TiO2 and Fe>Oz in the raw materials. This study demonstrates
that BFS can be integrated into low-cost glass-ceramic glazes with economically and

environmentally perspective.

L. Ding et. al [107] studied the impacts of various BFS contents on the microstructure,
bulk density, water absorption, and bending strength of the glass—ceramic foams. Blast
furnace slag (BFS) and waste glass were used as raw materials, with TiO2, ZrO,, and
CaF, serving as nucleating agents, and CaCOs, NasP04.12H,0, and Na>B4O7.5H.0
serving as a foaming agent, a foaming stabilizer, and a flux agent, respectively. The
major crystalline phases of the compositions are Diopside (Ca(Mg, Al)(Si, Al)2Oe,
Augite (Ca(Mg, Al)(Si, Al)20s, and Titanite (CaTiO(SiO4). Usage of recycled BFS can
lead create great economic and environmental benefits. The results showed that glass—
ceramic foams with 50 wt. % BFS demonstrated excellent properties such as bulk

density 0.79 g/cm?, water absorption 2.71%, and bending strength 14.34 MPa.
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4.5.2 Blast Furnace Slag as an Alternative Raw Material for Road Construction

Recycled materials used in construction can be classified according to three different
source categories. These sources are industrial waste and/or by-products (mining waste
rock, metallurgical slags, foundry sand, coal fly ash, municipal solid waste incinerator
ash, etc.); another is road by-products, such as reclaimed concrete pavement materials,
and finally reclaimed asphalt pavement materials; building demolition waste and/or by-
products (crushed concrete, tiles, and bricks) [108]. Blast furnace slag are use in asphalt
concrete as coarse aggregate, Portland cement concrete and granular base/sub-base
material, binder in soil stabilization (ground slag). H. Quintana et. al evaluated warm
mix asphalt manufactured with blast furnace slag [109]. Warm mix asphalt reduces the
mixing and laying temperatures with respect to convectional mixtures of asphalt
concrete in the asphalt. This decreases the energy is needed to produce asphalt mixtures
and polluting emissions into the atmosphere [110]. Part of the coarse fraction of the
natural aggregate was replaced by a BFS, advantages of using BFS in asphalt mixtures;
they are materials with a rough and porous surface texture that can help improve
adhesion with asphalt and increase skid resistance, good combability with asphalt,
another is the improvements in resistance to moisture damage. In BFS composition,
SiOz is related with high hardness and mechanical strength, and CaO leads to increase
adhesion with asphalt and helps to enhance moisture damage resistance in asphalt

mixtures.

453 Blast Furnace Slag as an Alternative Raw Material for Cement and
Concrete

Rios et al. aimed to analyse the effects of replacing self-compacting concrete aggregates
with air-cooled blast furnace slag. In the study, different mixes have been manufactured
by substituting the fine and coarse natural aggregates by air-cooled blast furnace slag.
The fracture energy and the tensile and compressive strength have been determined for
each mix. The results show that the self-compactability of the concrete is gradually lost
as the slag content is increased, thus, when the ratio of replacement is low, the concrete
keeps the self-compacting properties. Also, the loss of self-compaction affected the

mechanical properties by increasing its strength [111].
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Qi et al. determined the adaptability of BFS in the production of concrete. They proved
that the failure process of BFS concrete under compression was like that of

conventional concrete [112].

In another study, Ulubeyli et al. investigated the recycling of the construction wastes
(such as ceramic, brick, and marble) and BFS in the concrete together. According to the
results, construction waste aggregates and BFS can be used to improve the mechanical
properties, workability, and chemical resistance of the conventional concrete mixtures.
Also, construction waste and BFS wastes are economically and environmentally

suitable to use as aggregates in the production of more durable concrete mixtures [113].

Darshan et al. investigated the utilization of granulated BFS and cement in the
manufacture of compressed stabilized earth blocks. Compression test and water
absorption test were performed on the blocks. The test results showed that these blocks
prepared with BFS, and cement can be utilized in masonry for load bearing wall
construction [114].

Park, prepared calcium sulfoaluminate (CSA) cement with BFS or fly ash. The results
obtained in this study provides that amorphous silica can stabilize in the blended

systems at a very high degree of carbonation [115].

Liu et al. aimed to prepare of Eco-cement utilizing BFS, clinker and gypsum.
Microstructural changes and hydration products of eco-cement were analysed with SEM
and XRD. The results proved that it is feasible to use CFB fly ash along with BFS and

clinker to produce Eco-cement [116].

Kanda et al. investigated medium volume BFS concrete. Combination of low shrinkage
BFS and water curing was found to significantly strengthen shrinkage cracking

resistance based the tests [117].
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5

EXPERIMENTAL PROCEDURE

In this study, BFS is utilized as an alternative raw material in a glass-ceramic coating
composition. 4% wt. of BFS is added to the composition as replacement of calcium
carbonate (CaCOs), quartz (SiO2), alumina (Al203) and magnesium carbonate (MgCQ3)
raw materials in the formulation. The experimental procedure consists of eight main
steps: (i) Milling and sieving of BFS slag (ii) Characterization of BFS slag, (iii)
Formulation, batch preparation and frits production, (iv) Characterization of frits
denoted as F-STD and F-BFS, (v) Milling and sieving of the frits, (vi) Electrostatic
application frit powders on metal substrates, (vii) Sintering and recrystallization of
coatings denoted as GC-STD and GC-BFS, and (viii) Characterization of the glass-
ceramic coatings. The glass-ceramic coating production procedures and the

experimental flow chart are illustrated in Figure 5.1 and 5.2, respectively.

100%wt. Commercial

Raw Materials

4%wt. BFS

F-BFS 96%wt. Commercial
Raw Materials

F-STD

Formulation & Water Quenching & Drying & Electrostatic Spraying Sintering & Crystallization
Batch Preparation  Batch Melting Obtaining Frit Milling of Frits on Metal Substrate Obtaining Glass-Ceramic Coatings

Figure 5.1 Glass-ceramic coating production procedure

a) N Microstructural &
BFS milling Chemical Analysis Phase Formation Morphological
Characterization sieving XRF XRD Analysis
SEM
b) Thermal Analysis
Frit milling Chemical Analysis Phase Formation L
I > —> . .
Characterization vl Heating Microscopy
sieving XRF XRD & TG-DTA
milling | sieving
compressing Glass-Ceramic Phase Formation
> | Characterization
crystallization XRD
coating |crystallization
€ i . ; .
) Glass-Ceramic Mrl\;;?:gfotuir:all& Chemical Mechanical Aesthetical
Coating —> A‘;alysigs Resistance — Resistance > Analysis
Characterization o 150 28706-2 BSI EN10209 Spectrophotometer

Figure 5.2 Experimental flow chart of the study
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5.1 Materials

The required raw materials for the frit production which is the parent glass of the glass-

ceramic coating were provided by Akcoat Advanced Coating Chemicals & Co.

Investigation of the utilization of BFS as a sustainable CaO, SiO2, Al.03, MgO etc.
source to provide a circular production approach of glass-ceramic coating on steel

substrate was conducted using the BFS waste supplied by Erdemir.
5.2 BFS Characterization

Before characterization of the BFS, it was dried in a pre-heat furnace at 300 °C and
subsequently ground. The grinding procedure was conducted for 35 min using 800 g

total alumina-zirconia balls in a ball mill, then sieved through 80 mesh (197 um) sieves.
5.2.1 Chemical Analysis of BFS

X-Ray Fluorescence (Bruker AXS S8 Tiger XRF, Germany) analysis was operated to

determine the chemical composition of BFS waste.
5.2.2 Crystalline Structure Analysis of BFS

X-Ray Diffraction analysis (Bruker XRD/D8 Advance, Germany- Cu K radiation, 40
kV, 25 mA, 20: 10 - 90°) was used to determine the crystallinity and crystal phases of
BFS.

5.2.3 Microstructural Analysis of BFS

Scanning Electron Microscopy was operated to examine the microstructure and surface
morphology of the BFS (SEM, Jeol JSM-6060LV, 20 kV, Japan).

5.3 Frit Preparation

According to the chemical and mechanical characteristics of BFS, the formulation of the
glass-ceramic coating was calculated, then components in raw material batches were
mixed and melted for 1 h at 1300 °C + 100 °C. The molten glass was then rapidly

cooled by guenching to produce frit, an amorphous glassy intermediate phase.

Chemical composition was obtained in the formation of the F-STD frit using 100%
commercial raw materials such as quartz (SiOz), soda (NaHCO3), penta borax
(BsH10Na2012), aluminium oxide (Al.O3), calcium carbonate (CaCO3), potassium

nitrate (KNOz), magnesium oxide (MgO), and others. 4 % wt. of the formulation BFS
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was employed as sustainable CaO, SiO2, Al203 and MgO sources and the 96 % wt. of
the formulation commercial raw materials such as quartz (SiO2), soda (NaHCO3), penta
borax (BsH10Na2012), potassium nitrate (KNO3) etc. were utilized to produce F-BFS.

5.4  Frit Characterization

5.4.1 Chemical Analysis of Frits

The chemical compositions of the frit powders were examined via XRF (Bruker AXS
S8 Tiger, Germany). The lithium oxide (Li.O) content of the frits were analysed using
Atomic Absorption Spectrometry (PG Instrument PG-990 AAS, UK).

5.4.2 Crystalline Structure Analysis of Frits

To ensure that the frits are amorphous and to investigate the effect of BFS on the
chemistry of F-STD and F-BOF frits were analysed by XRD (Bruker D8 Advance USA,
Cu Ka radiation, 40 kV, 25 mA, 206: 5°- 85° with 0.02° step size).

5.4.3 Thermal Analysis of Frits

To determine the thermal behaviour of F-STD and F-BFS samples; Tsintering, T Softening,
Tsphere, THaitsphere aNd Twmelting temperatures were analysed by heating microscopy (Misura
3.32 ODTH HSM 1600-80, Italy). Thermal properties were examined up to 1250 °C
with a heating rate of 10 °C/min up to 1250 °C due to geometric shape changes
according to the DIN 51730 standards.

The coefficient of thermal expansion (COE) was measured in the range of 20 - 540 °C
using a dilatometric device (DIL 402 PC Netzsch, Germany) with fused silica pushrod
and sample holder, as well as a Pt-Pt/Rh thermocouple. The heating rate was 10
°C/min. For the preparation of dilatometer analysis, 5 X 5 x 25 mm piece of the sample

was cut after pelletizing.

Thermal characteristics of the F-STD and F-BOF, and the effect of BFS on the thermal
properties of the frits were investigated by Simultaneous Thermo Gravimetry-
Differential Thermal Analysis (TG-DTA Netzsch STA 449F1A-0207-M, Germany).
Weight changes occurring within F-STD and F-BOF were examined by
thermogravimetry (TG) and enthalpy changes resulting from exothermic-endothermic
reactions of glass-transition, crystallization temperatures etc. were performed by

differential thermal analyses (DTA). Simultaneous TG-DTA analyses were conducted
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to F-STD and F-BOF by using 30 mg of the frit powders in alumina crucible heated up
to 1200 °C at constant 10 °C/min in heat flow in nitrogen (N2) atmosphere.

5.5 Glass-Ceramic Coating Preparation

After drying of F-STD and F-BFS granules achieving with the quenching procedure,
milling processes were applied to obtain powder form from frit granules by using a ball
mill in 300 g frit granules with 750 g alumina-zirconia balls of 1 - 1.5 cm in diameter at
300 rpm for 25 min. At this stage, 1 ml silicone oil (C2HeOSi) was added to the mills,
therefore electrostatic capability was achieved to prepare powders for electrostatic
application.

The obtained frit powders were sieved through 80 mesh (197 um) sieves. On a 10 x 30
cm DCO1EK (EN10027-1) low carbon steel plate, pre-characterized F-STD and FBFS
powders were electrostatically coated using electrostatic spray method with 150 - 200

um thickness.

The coated plates were treated to sinter-crystallization processes to achieve a glass-
ceramic coating on steel substrates. Preheating at 550 °C for 4.5 min (Protherm -
PLF110/30, Turkey) and devitrification at 830 °C for 4.5 min (Protherm - PLF110/30,
Turkey) were conducted to simulate the heating curve of commercial glass-ceramic

coating manufacturing.
5.6 Glass-Ceramic Coating Characterization

5.6.1 Miicrostructural Analysis of Glass-Ceramic Coatings

SEM with an energy dispersive X-ray spectrometer (EDS) attachment was utilized to
analyse the surface properties of the glass ceramic coated plates, including
microstructure, surface morphology and surface chemical uniformity. The backscatter
electron mode (BSE) was conducted for SEM and SEM-EDS studies, using a 15 kV

acceleration voltage and a 9.5 mm operating distance.

GC-STD and GC-BFS surfaces were etched in 30 % wt. hydrogen fluoride (HF)
solution for 3 min. Crystal structure that remains only on the surface after the corrosion
of the glass by treating HF were inspected under SEM with an EDS attachment for
further analysis and imaging of the crystal structure and crystalline morphologies of

coatings.
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1 x 1 cm of GC-STD and GC-BFS plates were mounted in a hot bakelite mold (Struers
CitoPress, USA) and polished with an automatic polishing method (Struers Tegramin,
USA). After the preparation of glass ceramic coating samples, SEM (Jeol JSM-6060LV,
Japan) analyse was performed to cross-section between the coatings and the steel
substrate in the BSE mode and microstructure of the glass ceramic coatings was
examined. The adhesion mechanism between glass-ceramic and steel substrate was

investigated.
5.6.2 Crystalline Structure Analysis of Glass-Ceramic Coatings

Crystal formation, phase analysis and amorphous structure of glass ceramic coatings
were determined using XRD. Bulk glass ceramic coating samples were manufactured as
follows for XRD measurements to detect the crystalline structure: 15 g frit was
combined with 1 cc isopropyl alcohol (IPA) and formed into pellets with pressure,
which were sintered at 830 °C for 4.5 min. The sinter-crystallized pellets were
pulverized after the glass ceramic structures crystallized in order to undertake XRD
measurements (Bruker D8 Advance USA, Cu Ka radiation, 40 kV, 25 mA, 20: 5°- 85°
with 0.02° step size).

5.6.3 Thickness Analysis of Glass-Ceramic Coatings

The coating thickness of the coatings was measured with a DeFelsko Positest DFT
Combo model coating thickness gage in order to examine homogenous coating
distribution after electrostatic coating and sinter-crystallization to produce glass-ceramic
coating according to I1ISO 2178:2016 standard. Coating homogeneity is a significant
parameter in achieving good engineering properties such as adhesion, chemical
resistance, etc. as well as maintaining these capabilities across the macro- and

microstructure of coatings.
5.6.4 Adhesion Behaviour Analysis of Glass-Ceramic Coatings

The adhesion behaviour of glass-ceramic coatings can be examined by applying an
impact resistance test. Adhesion behaviour was determined by dropping a 22 mm
diameter cylinder apparatus weighing 1.5 kg from a height of 75 cm onto a glass-
ceramic coated steel substrate, as described in the BS EN 1SO 10209: 2013 standard. As
a result, the impact of a 15 kJ energy on the coated surface was investigated using the
standard. Impact marks on the coatings after applying impacts were interpreted

according to ratings varying from 1 (optimum adherence) to 5 (failed adherence).
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5.6.5 Chemical Corrosion Analysis of Glass-Ceramic Coatings

To assess the chemical corrosion resistance of the glass-ceramic coatings, a cold citric
acid resistance test was conducted according to 1SO 28706-1 standard. 10 g citric acid
monohydrate (CéHgO7.H20) and 100 mL distilled water (H20) are combined to prepare
a solution. 4 mL of the solution is poured on the glass-ceramic coating surfaces at room
temperature. To avoid evaporation of the solution, the acid-treated area of the surfaces
was covered with a cap and let to stand for 15 min. After that, the plate was cleaned
with water and dried. A pencil line was drawn over the region where the acid test was
applied to grade the cold citric acid test. The AA in the test result represents the

optimum acid resistance, while D denotes a failure.

Boiling citric acid tests were performed according to ISO 28706-2 standards to measure
element migration and chemical corrosion resistance of glass ceramic coatings. A
solution of 32 g pure crystalline citric acid monohydrate (CeHgO7.H20) in 500 mi
distilled water (H20) was applied to the glass ceramic coating surfaces at 95 °C for 2.5
h for the boiling citric acid test. After boiling citric acid treatment, the GC-STD and
GC-BFS coatings were washed and dried. Weighing the coatings before and after the
boiling citric acid test to quantify the corrosion amount of coatings indicated the weight
loss. In addition to that, the solutions that were treated to coating surfaces for 2.5 h were
taken. The solutions were subjected to Inductively Coupled Plasma Mass Spectrometry
(Thermo Scientific X Series 2 ICP, USA) analysis to determine the amount of element
migration from the glass ceramic coating to the boiling citric acid solution and the
chemical corrosion resistance of the coatings.

5.6.6 Colour Analysis of Glass-Ceramic Coatings

A spectrophotometer (Spectrophotometer CM-700d, Konica Minolta) was utilized to
perform colour analysis according to 1ISO 7724 standards and SCE D65 procedures.
Colour values of the GC-STD and GC-BFS were measured in terms of L*, a*, and b*.
The measured L value represents to lightness; a value represents to chromatic colour

from red to green; b value represents to yellow to a blue chromatic colour value.
5.6.7 Gloss Analysis of Glass-Ceramic Coatings

Gloss is measured in five distinct spots at 60° using the TQC Sheen Polygloss

glossmeter instrument. The figures represent the average of five measurements. A value
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of 0 indicates the maximum opacity and a value of 90 denotes the maximum brightness
of coatings.
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6

RESULTS AND DISCUSSION

6.1 BFS Characterization

Table 6.1 shows the chemical composition of the BFS sustainable raw material as
determined by XRF analysis. CaO, SiO2, Al,O3 and MgO are the primary components
of BFS, with B20s, TiO2, Na2O, K20, MnO, Fe;03, BaO, and SOz are the minor
components. The chemical composition of the BFS waste was identical to that of
instances seen in the literature. The chemical composition of BFS proved it appropriate

to be utilized in frit, a precursor glass raw material, as a sustainable raw material source.

Table 6.1 Chemical composition of Blast Furnace Slag

Chemical Composition | % W.
Cao 4412
SiO2 29.16
Al>03 12.80
MgO 5.29
B203 3.30
TiO2 1.80
Na20 0.33
K20 0.51
MnO 0.37
Fe203 0.25
BaO 0.17
SOs 1.87
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The BFS x-ray diffraction pattern was shown in Figure 6.1 from 26: 10° to 26: 70°. The
broad peak in the XRD patterns around diffraction angles 20: 25° - 40° indicated a
degree of amorphous structure. There were also seen the gehlenite-akermanite crystal.
Melilite group crystals, which are solid solutions of akermanite (Ca-Mg [Si»O-]) and
gehlenite (Caz2Al [Si.O7]) have distinctive peaks about 26: 30° [19].
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Figure 6.1 X-ray diffraction pattern of Blast Furnace Slag

Secondary electron yield imaging (SEI) mode was performed to capture SEM images.
The image contrast in SEI mode is primarily determined by the sample surface
morphology and texture. As illustrated in Figure 6.2, SEM images revealed that BFS
had a compact particle morphology with various particle sizes ranging from 3—6 um.
The BFS particles have a rough surface texture with angular shapes and sharp edges that

were obviously noticeable.
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Figure 6.2 SEM image of Blast Furnace Slag

To examine the microstructure and elemental analysis, the EDS line spectrum of the
BFS was evaluated in backscattered electron (BSE) mode from two different sites
denoted as 1 and 2. The point 1 and region 2 were examined at Figure 6.3 and 6.4,
respectively. The primary elements were oxygen (O), silicon (Si), and calcium (Ca),
with a slight amount of aluminium (Al) and magnesium (Mg). In terms of chemical
composition, the SEM findings were correlated with the XRF and XRD findings. There

were also examined sodium (Na), sulphur (S), potassium (K) and titanium (Ti) as minor

impurities of BFS.

Element | Concentration %wt.

o 39.408

Na 0.487

Mg 3.673

Al 8.789

' Si 19.365

S 1.625

K 0.263

i Ca 25.094

Ti 1.296

Figure 6.3 EDS analysis result of Blast Furnace Slag pointed as 1
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Element | Concentration %wt.

o 33.701

Na 0.434

Mg 4.155

Al 8.953

Si 21.224
K 0.418

Ca 29.673

Ti 1.443

Figure 6.4 EDS analysis result of Blast Furnace Slag pointed as 2

6.2 Frit Characterization

The chemical content of the frits F-STD and F-BFS were investigated utilizing XRF
analysis present in the Table 6.2. The similarity of the chemical compositions of the
sustainably produced F-BFS using 4 % wt. BFS combined with commercial raw
materials and F-STD totally produced using commercial raw materials with SiO2-B203-
Na20-Al203-K20-F glass ceramic systems was confirmed. It indicated that the BFS can
be an appropriate raw material source for CaO, SiO2, Al,O3 and MgO etc. for the
sustainable production approach on glass ceramic coating. The raw material

replacement of BFS with commercial raw materials was achieved.
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Table 6.2 Chemical content of the commercially produced F-STD and 4 % wt.

sustainably produced F-BFS

Intensity (arb. units)

F-STD F-BFS
SiO2 52.43 52.69
Ca0, Al203 5.05 4,97
R20 Na.0, K20, Li»O 13.94 13.97
RO Zn0, MgO, BaO, NiO, CoO, MnO 541 5.61
R20s3 B20s3, Fe203 16.12 15.76
RO2 TiOy, ZrO; 3.97 4,00
R20s P20s 0.53 0.53
R F 2.42 2.34
F-BFS
F-STD
1 1 4 1 v 1 v 1 T I I T 1
10 20 30 40 50 60 70 80 a0

20 (%)
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Figure 6.5 X-ray diffractometry patterns of F-STD and F-BFS




For F-STD and F-BFS, glass precursors, x-ray diffractometry patterns were
demonstrated in Figure 6.5 from 26: 10° to 26: 90°. The broad peak between 26: 15°-
35° was attributed to the amorphous structure, i.e. glassy phase. There was no
prominent crystalline peaks in the patterns, meant both of frits had amorphous structure
and quality quenching processes were conducted. F-STD was 73.5% amorphous, while
F-BFS was 75% amorphous, according to qualitative XRD crystallinity measurements.
Although no obvious peaks indicating the crystal phases were identified, the existence
of crystal nuclei incorporated in the glass matrix is considerable to attribute for the
qualitative crystallinity of 26.5 % for F-STD and 24.8 % for F-BFS.

6 o

Sintering Softening Sphere Half Sphere Melting
F-5TD 580 730 784 804 826
F-BFS 584 730 782 808 826

Figure 6.6 Heating microscopy results of F-STD and F-BFS

Prepared frits were subjected to heating microscopy analysis to examine the thermal
behaviour, hereby geometric changes such as the height, width, and shape factor of the
F-STD and F-BFS at different temperatures were evaluated. Heating microscopy
analysis provides five characteristic temperatures. As demonstrated in Figure 6.6,
according to the DIN 51730 standard, the first shrinkage with a 5%-dimensional change
and the maximum shrinkage where rounded edges appear are named as sintering
(Tsintering) and softening (Tsoftening) temperatures, respectively. The ball point where the
first signal of melting appears, and the corners of the sample are completely round is
identified as sphere temperature (Tsprere). The half ball point where the sample height is
half its base width and shape factor of at least 0.98 is the half sphere temperature
(THaifsphere); the flow point where the sample melts and collapses to a third of its height

at the hemisphere state is labelled as melting temperature (Twmeiting) [118].
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Figure 6.7 Heating microscopy curves of F-STD and F-BFS

The temperatures for Tsintering, TSoftening, TSphere, THaifsphere, aNd Tmerting Were practically
identical for the two samples, as shown in Figure 6.6 and 6.7. The sintering and half-
sphere temperatures of F-BFS were slightly higher than those of F-STD, according to
the heating microscopy measurements. Furthermore, F-BFS had a negligibly lower (2
°C) sphere temperature than F-STD. The viscous flow activation threshold is exceeded
as the temperature goes up, and the material undergoes the sintering phase [21].
Because of viscous flow activation threshold of F-BFS is larger, the modest variation in

Tsintering fOr the frit samples can be explained.

The F-BFS sample has a higher viscosity than the F-STD, as evidenced by the glass-
transition temperatures (Tg) in the TG-DTA diagram in Figure 6.9 and the bubble
formation mechanism apparent in the SEM image displaying in Figure 6.15. Equivalent
Tsoftening Values of F-STD and F-BFS implied that they have the identical maximum

density, as expected given the same chemical content of F-STD and F-BFS regarding
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the XRF analysis, as indicated in Table 6.2. At Tsphere, F-STD and F-BFS were almost
exclusively consist of liquid phases. At the time of sphere formation, Tsphere Was
recorded. It was driven by the shape and surface tension of samples. F-BFS has a slight
lower Tsphere than the reference F-STD, which can be attributed to low surface tension
induced by higher density and viscosity [21]. As can be displayed from the TG-DTA
analysis in Figure 6.9, the minor changes in Traifsphere Detween F-BFS and F-STD are
due to minor differences in crystallinity and early crystallization of the fluorapatite

phase in the reference F-STD. Twmeiting Of both frits had an identical value.

5 4
Onset: 498.8 C
4 4 Temp./C  T. Alpha/(1/K)
30.0, 400.0 : 8.6863E-06
2 31 4
= Temp./C  T. Alpha/(1/K) \ Onset: 495.7 C
* 30.0, 300.0 : 8.3215E-06 \
o ~— Temp/C ' T. Alpha/(1/K)
ﬂ S 30.0, 400.0 : 8.7134E-06
© 2 J \
Temp./C  T. Alpha/(1/K)
30.0, 300.0 : 8.3215E-06
1 4
F-BFS
F-STD
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Figure 6.8 Dilatometric analysis of F-STD and F-BFS

Thermal expansion is the increase in body length or volume of the sample (F-STD and
F-BFS) during heating. The linear coefficient of thermal expansion (COE) "a" is
explained as the relative increase in length of a material sample as the temperature
increases by one degree. The linear COE of the material is calculated with the equation

given below.
a=(1/1)x(Al/At) (6.1)

The change in body volume during heating up to 1 °C is called volumetric thermal
expansion, shown as "B". For isotropic amorphous structures, the volume COE can be

explained with sufficient accuracy by the following equation [15].

B=3.a (6.2)

71



Achieving a strong bond and adhesion between glass-ceramic coating and steel
substrate depends on the thermal expansion behaviour of the parent glass, i.e. frit.
Glass-ceramic coating can only be obtained in an error-free way if the COEs of frits and

the steel substrate are very close to each other [22].

When the tensile strength of the glass-ceramic coating is exceeded, cracks that cause
tension in the structure are observed. On the other hand, when the COE of the metal
substrate is much lower than the glass-ceramic, only chipping defects occur because the
compressive strength of the glass-ceramic coating is higher. In glass-ceramic coating
applications, the COE of glass-ceramic coating is always lower than that of metal
substrate, as it is known that compressive strength is far more dangerous than tensile
strength [69].

The thermal expansion coefficients, i.e. o values, of the F-STD and F-BFS were
examined from room temperature to 550 °C. a values were measured at 300 °C and 400
°C temperatures. In Figure 6.8, these values are 8.32.10%/K, 8.32.10°/K for F-STD and
F-BFS at 300 °C, respectively; at 400 °C, it was seen that it is 8.68.10%/K and 8.71.10"
®/K, respectively. Because of the high refractoriness, complex chemical composition,
and compact structure of the BFS, glass ceramic with BFS substitution requires more
energy to form amorphous structure. It appeared that the thermal characteristics of the

frits were retained.

Te temperature was also observed with this analysis. For supercooled liquids, it has
been known in the literature that the Tg, expressed in absolute degrees, is approximately
two-thirds of the melting point (Tw), i.e. Te / Tm = 2/3 [119]. As can be seen in Figure
6.9, the Tc temperature of F-STD and F-BFS samples are 495.7 °C and 498.8 °C,
respectively. In this analysis, which confirms that the characteristic temperatures of the
samples seen in the heating microscopy are the similar, it is seen that the T increased
only 3.1 °C, and it was attributed that the BFS embedded in the structure hardens the

structure at a negligible level.
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Figure 6.9 TG-DTA analysis of F-STD and F-BFS

Figure 6.9 illustrates the TG-DTA patterns of the reference frit F-STD and the
sustainably manufactured F-BFS. The weight changes of the frits due to water loss,
impurities removal etc. with temperature variations were examined employing
thermogravimetry analysis (TGA). Differential thermal analysis (DTA) was conducted
to understand temperature alterations caused by endothermic-exothermic reactions such

as crystallization, decomposition and structural transformations etc.

The endothermic peaks in the DTA pattern of F-STD and F-BFS detected at 143 °C can

indicate moisture, absorbed water, and impurities volatilization.

A shift in the baseline at approximately 475 °C could attribute to Ts. Even though there
was no noticeable indicator of T in the DTA pattern, by calculating the first derivative
of the pattern baseline the peak could be examined clearly. Tg of F-BFS observed at
higher temperatures than T of F-STD, as shown in Figure 6.9. The decrease in fluorine
(F) content in F-BFS (F-2.34 %wt.) compared to F-STD (F-2.42 %wt.), as determined
by XRF analysis of the frits, was obviously the explanation of the reasonably high T of
F-BFS. The viscosity of the glass system affects Tg, which is determined by the glass
structure [23]. When fluorine is included into the glass structure, one Si-O-Si bond is
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reconstructed by two Si-F bonds. The glass network is disrupted at Si—F, enables the
viscosity and Tg of the glasses to decline [24].

The DTA curves of F-STD and F-BFS showed exothermic peaks at 678 °C and 673 °C,
respectively, corresponding to the first crystallization temperature, Tci1 which could be
considered as the crystallization of the fluorine mica phase. At temperatures of (Tc»)
706°C and 712 °C, respectively, the second crystallization peaks of F-STD and F-BFS
were identified, which were not easily noticeable in the DTA baseline, specifically in
the case of F-BFS. At 780 °C and 790 °C, the final crystallization temperatures (Tc3)
were detected in the curves. With increasing temperature, the relationship between
temperature and the crystal formation behaviour of the frits evolved. For the chemical
transformation and crystalline phase formation, frit generated from BFS required more

energy than the F-STD, that is higher reaction temperatures.

At baseline, decreases could be seen in the TGA curves of the F-STD and F-BFS. The
mass loss of the F-STD and F-BFS frits was 2.17 wt. % and 0.98 wt. %, respectively,
according to the TGA curves. The decline in weight could be due to affinity for

moisture of borosilicate glass systems, known as thirsty glasses [25].
6.3 Glass-Ceramic Coating Characterization

Figure 6.10 demonstrates the x-ray diffraction spectra of the glass-ceramics. The
amorphous phase did not entirely crystallize and crystalline phases were embedded the
glass matrix. The large band in the XRD patterns around 26: 15°-40° revealed that GC-
STD and GC-BFS have amorphous network. In the SiO2-B203-Na20-Al>03-K20O-F
glass ceramic system, three crystal phases were detected. Ni-substituted fluorine mica
(KLiNi2SisO10F2), #PDF 00-051-0047, was the dominant crystal phase. Calcium
fluoride (CaF;) was the secondary phase, #PDF 01-087-0971. Fluorapatite
(Cas.061(P2.87011.46)Fo.89), #PDF 01-083-0556, was a minor phase in the commercial GC-
STD and eco-friendly produced GC-BFS.
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Figure 6.10 X-ray diffraction pattern of glass-ceramics

Even though both samples had the same peaks of crystalline phases, there were

variations in peak intensities between GC-STD and GC-BFS.

The fluorine mica phase peak intensities of GC-BFS were greater than those of GC-
STD. The increase in primary phase formation of GC-BFS could be attributed to the
lower first crystallization temperature of GC-BFS compared to the GC-STD
demonstrated TG-DTA analysis.

The calcium fluoride peaks from GC-STD were more intense than those from GC-BFS.
Similarly, the GC-STD analysis confirmed the TG-DTA study by increasing the peak
intensities of the calcium fluoride crystal phase. The complicated structure of BFS and
the fluorine concentration of the frits can be responsible for differences in crystalline

peak intensities between GC-STD and GC-BFS.
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Figure 6.11 SEM images of glass-ceramic coating surfaces a) GC-STD and b) GC-BFS

The distribution and size of the phases observed by XRD were investigated using SEM
examination. The SEM npicture of the GC-STD acquired in BES mode is shown in
Figure 6.11. (x1000 magnification). Ceramic crystals embedded in a glassy matrix were
discovered using XRD and SEM images. The GC-STD and GC-BFS glass-ceramic
coatings have exact surface textures. The crystals that developed resembled whiskers.

For both samples, the average whisker length was found to be 4.4 + 0.1 pm.

To understand the crystalline structure of coatings EDS analysis were addressed to the
glassy matrix and whisker formed-crystalline. The SEM images and the points that EDS
analysed were demonstrated in Figure 6.12 and 6.13 for GC-STD and GC-BFS,
respectively. At Table 6.3 and 6.4, the chemical content of the indicated points were
revealed as a result of EDS.
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Figure 6.12 SEM-EDS images of GC-STD coating surface

Table 6.3 Chemical analysis of points and the region in GC-STD is shown in Figure

6.12. according to the EDS analysis

Elements | Point 1 Point 2
oWt Yowt.

O 38.566 36.967
F 0.281 0.000
Na 7.607 8.616
Mg 0.797 0.755
Al 2.589 2.750
Si 31.709 36.219
P 1.038 0.000
K 2.779 2.118
Ca 5.163 2,777
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Table 6.3 Chemical analysis of points and the region in GC-STD is shown in Figure
6.12. according to the EDS analysis (devami)

Elements | Point 1 Point 2

oowt. Yowt.
Cr 0.094 0.289
Mn 0.826 0.714
Fe 1.685 0.788
Co 0.287 0.842
Ni 0.458 1.460
Cu 1.610 0.764
Zr 2.309 1.831
Mo 0.000 0.107
Ba 2.202 3.004

Figure 6.13 SEM-EDS images of GC-BFS coating surface
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Table 6.4 Chemical analysis of points and the region in GC-BFS is shown in Figure
6.13. according to the EDS analysis

Elements | Point1 | Point 2
%wt. %wt.

0 37.159 | 36.799
F 0.788 | 0.000
Na 7.404 | 8.214
Mg 0.801 | 1.082
Al 1.665 | 2.855
Si 32.137 | 34.543
P 0.920 | 0.000
K 1.909 | 2.160
Ca 5332 | 2.054
Cr 0.403 | 0.415
Mn 1.117 | 0.584
Fe 2.448 | 1.808
Co 0.796 | 0.696
Ni 1.230 1.121
Cu 0.501 | 1.046
Zr 2.646 | 1.701
Mo 0.000 | 0.303
Ba 2.743 | 4.619
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Figure 6.14 SEM imaging of crystalline structure of HF-etched glass-ceramic coatings

As a result of surface SEM analysis and EDS analysis, it was attempted to understand
the crystal structure within the glass-ceramic structure. Whereas there were a
requirement for further analysis to understand the crystalline structure. GC-STD and
GC-BFS were chemically etched with 30% HF for 3 min for detail characterization of
crystal formation in coatings and SEM analysis were employed on etched surfaces of
the coatings. Thus, the glass matrix was eliminated in the glass-ceramic coating
structure and the crystal structure was revealed. The most probable particle
morphologies were attributed to the microstructures based on XRF, XRD, and crystal
morphologies observed in the literature. The microstructures of GC-STD and GC-BFS
were identical. The crystals were demonstrated on the Figure 6.14. Plate-like fluorine-
mica crystals, needle-like fluorapatite crystals, and chains of calcium fluoride crystals

embedded in the glass matrix were apparent in the SEM picture shown in Figure 6.14.
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Figure 6.15 SEM imaging of cross-section between glass-ceramic coating and steel
substrates a) GC-STD and b) GC-BFS

It is required that the coating adheres well to the metal and covers the surface. As the
glass-ceramics coating is separated from the metal substrate with a blow or breaks after
application, it makes the metal open to interaction with its environment and thus causes
the corrosion process to start. In Figure 6.15, the cross-section between glass-ceramic

coating and metal substrate of GC-STD and GC-BFS were demonstrated.

Adhesion mechanism can be seen, and it can be explained by four base theories:
chemical, mechanical, electrolytic, and diffusion theories. The mechanical theory
establishes a relationship between the coating-metal interface area, the coating metal
contact area, and the adherence [26]. Metal oxide thin film layer forms on the glass-
ceramic coated metal surface while it is heat-treated. However, when the temperature
reaches the softening point, the coating prevents oxidation by wetting the metal surface
and traps the oxide film layer between the coated metal. When the temperature increases
further, the metal oxide film diffuses into the glass-ceramic coatings and creates a
dendritic structure. In Figures 6.16, the anchor points are examined at the metal-glass
ceramic interface were attributable to the FeCo alloy. The resulting dendritic structure
provided the metal and coating to be mechanically attached to each other. However,
adhesion can not be achieved mechanically alone. As the temperature rose during the
firing of the coating, the iron oxide (FeO) compound consisting of the oxidized base
metal plate was reduced with the NiO and CoO compounds in the frit and initiated

redox reactions [26-27].
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Figure 6.16 SEM-EDS Mapping images of cross-section areas of the GC-STD and GC-

BFS coatings

In Figure 6.16, individual element EDS maps of Si, Al, O Fe, and Ca are presented with
the given element marked on the top left corner of each map. Here, again no differences
were detected between two samples in terms of interface chemical composition.
Standard glass-ceramic coating content and chemical compositions were observed in the
Si rich part. The ratio of iron (Fe) and cobalt (Co) is higher near the metal / glass-
ceramic coating interface compared to the rest of the coating, which is consistent with
the above-mentioned adhesion mechanism theories. According to the analysis results,

both the reference coating and GC-BFS had strong adhesion to the steel substrate.
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Figure 6.17 Images of Impact Test results of the coatings a) GC-STD b) GC-BFS

In addition to examining the adhesion behaviour with SEM analysis, the bonding
mechanism between glass-ceramic and metal substrates was also investigated in terms
of engineering properties with the impact test. The results of the impact test performed
according to the BS EN 1SO 10209 standard are shown in Figure 6.17. Impact test result
of both GC-STD and GC-BFS were denoted as 1. As a result of the impact test, it is
noticed that the adhesion of coatings were achieved optimum. It was revealed that BFS

substitution to the structure does not change the impact strength.

Figure 6.18 SEM images of citric acid-etched region of coatings a) GC-STD and b)
GC-BFS

Glass-ceramic coated surfaces are subject to chemical corrosion depending on the
application area, such as kitchenware, cookware, and oven trays. The parameter that

positively affects the acid resistance is the [SiO4] tetrahedron continuity in the
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amorphous structure. In contrast, an increase in the RO oxides in the structure
decreases the acid resistance because ions such as Li*, Na", K* and F disrupts the
continuity of [SiO4] tetrahedrons and forming Si- RO structure. The solubility of the
crystals and the glass phase, as well as the degree of crystallinity of the structure, are

other factors that influence acid resistance [29].

With the citric acid test according to 1SO 28706 on coating surfaces of GC-STD and
GC-BFS, the chemical resistance behaviour of coatings were investigated. The results
of the cold citric acid exposure for 15 min on surface, GC-STD and GC-BFS had
similar chemical resistance which are indicated as AA. Surfaces were employed to SEM
analysis after the cold citric acid exposure illustrated in Figure 6.18. The crystalline
structure became much clearer in GC-STD, due to the slightly higher chemical

corrosion of reference one rather than GC-BFS.

For further characterization and understanding the BFS-substitution effect on the
chemical resistance of coating, GC-STD and GC-BFS were exposure boiling citric acid
at 95 °C for 2.5 h. The total quantity of weight migrated from the coated surface to

boiling citric acid solution were recorded using ICP-MS seen in Table 6.5.

Table 6.5 Gloss values of GC-STD and GC-BFS coatings

Gloss Value 60°
GC-STD 98.66+3.43
GC-BFS 93.38 +5.96

Table 6.6 Average and standard deviations of L, a*, b* values of glass-ceramic coatings

L a b
GC-STD Average 30.118 -0.588 -1.625
Standard Deviation | 0.121 0.042 0.099
GC-BFS Average 30.78 -0.735 -1.9275
Standard Deviation | 0.148 0.039 0.053
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Gloss and colour measurements of glass ceramic coatings GC-STD and GC-BFS were
investigated and shown in Table 6.6 and 6.7, respectively. Gloss values were examined
in Table. According to literature, the gloss decreases with increasing SiO, content. Vice
versa increasing the B.Oz content increases the gloss [120]. The evaluation of the
results, i.e., the slightly high gloss value of reference glass ceramic coating (GC-STD)
supports this statement. Considering the L, a*, b* values of the GC-STD and GC-BFS,
it can be said that the two coatings were equivalent in terms of colour values. BFS
substitution did not lead to any changes in aesthetical characteristics of GC-STD and
GC-BFS.
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CONCLUSION

BFS waste with main components of CaO, SiO2, Al,Os, and MgO, as well as minor
components of B20s3, TiO2, Na20, K20, MnO, Fe>03, BaO, and SOs, was effectively
integrated into the frit formulation as a 4% wt. replacement of commercial raw

materials.

The chemical compositions of the sustainable F-BFS and F-STD with SiO2-B2Os—
Na,O-Al,03-K>O—F glass-ceramic systems were identical, despite the distinct
formulation for frit manufacturing in terms of raw material sources; sustainable and

commercial.

F-BFS had slightly higher sintering and half-sphere temperatures than F-STD, which
was ascribed to BFS's complex chemical composition, compact morphology, and
refractoriness. Over the temperature range of 30—400 °C, the linear thermal expansion
coefficients of the frits were determined to be 8.68 10 (1/K) for F-STD and 8.71 10°°
(1/K) for F-BFS. The T and crystallization temperatures examined in TG-DTA analysis
of F-STD and F-BFS have no significant differences from each other.

The crystal structures and phase formations of frits and glass-ceramics were unaffected
by BFS substitution. XRD and SEM examination indicated that the predominant crystal
phase of GC-STD and GC-BFS was Ni-substituted fluorine mica (KLiNi2SisO10F2).
Other crystalline phases were also exact: Fluorapatite (Cas.oe1(P2.87011.46)Foss) and
Calcium fluoride (CaF>).

The higher Tc examined in TG-DTA and hence higher amorphous structure
investigated by XRD of GC-BFS resulted in a stronger acid resistance than the GC-
STD.

The chemistry of GC-BFS did not affect negatively from using of BFS and the
engineering properties of partially sustainable produced GC-BFS final coatings had

similar characteristics with commercially produced GC-STD coating.

This work establishes proof-of-concept, which is required for BFS waste to be used in

large-scale manufacturing without pre-treatment. The sustainable production approach

86



for glass-ceramic coatings was successfully achieved by utilizing BFS as sustainable
quartz (SiO2), calcium carbonate (CaCOs), alumina (Al>Oz3) etc. raw material sources.
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