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[bookmark: _Toc64026536]Literature Review 

“Ceramics are compounds between metallic and non-metallic elements; they are most frequently oxides, nitrides and carbides.”

(William D. Callister, 2015)

[bookmark: _Toc64026537]The Origin of Ceramics

The term ‘ceramic’ originates from the Greek word ‘keramos’ which translates as ‘to burn’. The word keramos infers to a ‘burnt substance’ as a result of the high temperature processing techniques used to manufacture ceramic materials.

(Budworth, 1970)

Historically ceramic materials have exhibited extreme brittleness and have been unable to withstand high volumes of stress. Initial types of ceramic were clay-based pottery products, now known as ‘traditional ceramics’, the earliest fragments of ceramic material can be dated back 18,000 years in China, evidencing signs of some of the oldest human technologies. As time progressed, the versatility of traditional ceramics has grown exponentially, becoming an essential part of everyday life; their applications range from the mugs we drink from to the bricks that build our houses. Other traditional ceramics include glass, porcelain, tile, cement and concrete.  

(Science Learning Hub, 2010)

Technological developments have evolved traditional ceramics into advanced ‘engineering ceramics’ which are often made from combinations of oxides and non-oxides. Through better processing techniques and strategic chemical additions, engineering ceramics are able to withstand higher volumes of stress and strain before fracturing, remain stable at even higher temperatures and are more resistant to physical wearing. The innovative properties of engineering ceramics have made them present in an increasing range of industries; some examples include implants and prosthetics in medicine; high strength cutting tools in processing and structural components in aerospace.

(C. Barry Carter, 2013)

“Part of the space shuttle’s outer skin is made up of over 27,000 ceramic tiles. The tiles are designed to withstand the tremendous heat generated on re-entry into the Earth’s atmosphere.”

(Science Learning Hub, 2010)



[bookmark: _Toc64026538]The Structure of Ceramics 

“The structure of most ceramics varies from relatively simple to very complex. The microstructure can be entirely glassy (glasses only); entirely crystalline; or a combination of crystalline and glassy. In the latter case, the glassy phase usually surrounds small crystals, bonding them together.”

(NDT Resource Center, 2020)


[bookmark: _Toc64026539]The Atomic Structure of Ceramics

The atomic bonding and electronic arrangement of ceramic materials determine their microstructure and physical properties. 
There are two types of bonding present within a ceramic structure; ionic and covalent. The ionic bonds (the most predominant within ceramic structures) form between metals and non-metals, due to the large difference in electronegativity the metal atoms donate one or more electrons to the non-metal atom, creating a strong electrostatic force between the two to form a bond.

(The American Ceramic Society, 2021)
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[bookmark: _Toc64026525]Figure 1 - Ionic Bonding Diagram
(Kopeliovich, 2012)







The anion cation size ratio can affect the materials stability; if anions are forced too close together (because the cation is too small) the structure becomes unstable. The limiting radius ratio is the minimum allowable value of ionic radii for the structure to be stable.
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[bookmark: _Toc64026526]Figure 2 – Limiting Radius Ratio

(University of Guelph, 2013)

Alternatively, when two non-metallic atoms with similar electronegativities join, a covalent bond forms, sharing electrons to fill the vacancies in their outer shells. 

[image: ]
[bookmark: _Toc64026527]Figure 3 - Covalent Bonding Diagram

(Kopeliovich, 2012)

The nature of ceramic bonding decides the unique properties they have; the strong ionic bonds hold the atoms firmly in place, making the material hard, chemically resistant but also brittle which can often be undesirable. Ionic bonding locks in all valent electrons making it near impossible for ceramics to carry electric current. 

[bookmark: _Toc64026540]The Microstructure of Ceramics 

Clay material removed from the ground is soft and pliable as its atoms are arranged in sheets which can slip past one another, parallel sheets are held together by weak intermolecular forces of attraction. When water is introduced into this structure the polar molecules pull these weak bonds apart making it even more malleable. However, when the clay is then fired at high temperatures the water evaporates, leaving behind the remaining atoms (usually aluminium, silicon and oxygen) which lock into a rigid structure, giving clay it’s hard properties.

Ceramics can be described as ‘polycrystalline materials’ which is where multiple crystal grains join during production. There are two types of atom arrangements within ceramic materials, sometimes they lock in repeating three-dimensional crystals but more commonly they are arranged randomly to form an amorphous solid. The amorphous structures make the material susceptible facture as the energy cannot dissipate through the random structure upon impact (like it would in a metal).  

(Woodford, 2020)

[bookmark: _Toc64026541]The Lattice Structures of Ceramics

· Sodium Chloride
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[bookmark: _Toc64026528]Figure 4 - Simple face centred cubic structure
(Flowers, et al., 2020)

Due to its nature and bonding, sodium chloride can be considered a ceramic material, its arrangement demonstrates a simple ionic structure where the sodium atom donates an electron to a chlorine atom, holding the crystal together. The chlorine ions are significantly larger than the sodium ions so the chlorine form a face centred cubic structure (FCC) and the smaller sodium ions fit into interstitial gaps within the octahedral shape.

· Alumina
[image: ]
[bookmark: _Toc64026529]Figure 5 - Close packed hexagonal structure
(Flowers, et al., 2020)

Aluminium oxide commonly known as alumina has a close packed hexagonal structure arrangement where the aluminium ions occupy two thirds of the interstitial spaces. 





· Silicates 
[image: ]
[bookmark: _Toc64026530]Figure 6 - Tetrahedral structure
(Flowers, et al., 2020)

Silicone oxygen tetrahedra consists of four oxygen atoms bonded to a single silicone atom. The oxygen atoms are left with spare bonds able to link to other tetrahedral structures to form a three-dimensional crystalline structure. Alternatively, a chain structure can form with alternating covalent and ionic bonds holding it in place. 

A variety of materials can be produced dependant on how the tetrahedra’s form; 
1. When they are arranged randomly silica glass forms.
2. Where three oxygens are shared, sheet structures form which are the basis for clays. The sheets are held together by weak Van Der Waals forces of attraction. The sheets are able to glide over each other, which gives clay its mouldable properties.

(William D. Callister, 2015)
[bookmark: _Toc64026542]The Properties of Ceramics 

“There are various classification systems of ceramic materials, which may be attributed to one of two principal categories: application base system or composition based system.”

(Kopeliovich, 2012)
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A classification based on the application of ceramic materials;
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[bookmark: _Toc64026531]Figure 7 - Classification of Ceramics based on Application
(Kopeliovich, 2012)

















A classification based on the chemical composition of ceramic materials;
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[bookmark: _Toc64026532]Figure 8 - Classification of Ceramics based on Composition

(Kopeliovich, 2012)

However, more simply, ceramics can be categories into the four main categories; 

· Amorphous, where crystals are randomly arranged (e.g., glass)
· Crystalline, single phased ceramics such as magnesium oxide 
· Bonded, clay materials where the crystals bond together to form a solid 
· Cements, which are usually crystalline but can also be mixed with some amorphous structures


[bookmark: _Toc64026544]Material Advantages and Limitations 

The strong bonds that are present within ceramic structures determine the following advantageous properties, making them an ideal substance to use in extreme environments;

· High melting points 
· High weather resistance 
· High corrosion/chemical resistant
· High wear resistant 
· High hardness
· High dimensional stability 
· High elastic modulus 
· High compressive strength 
· Good electrical insulation
· Optical transparency to a variety of wavelengths (in the case of glass ceramics where the frequencies of light aren’t absorbed).

However, it is also this bonding that accounts for the biggest limitations of ceramic materials, making them difficult to process. Ceramics are unable to undergo any plastic deformation, they do not have dislocations within their rigid structures to reform bonds when stress is exerted, as a result they have the following undesirable properties;


· Extremely brittle with poor toughness
· Poor impact strength 
· Low thermal shock resistance 
· Low ductility 
· Low tensile strength 
· Low thermal conductivity 

Another obstacle to be considered when processing ceramics is the essential drying requirement, the clay within ceramic material has an affinity for water and when present the structure becomes more mouldable, only then can any shaping occur. To make the ceramic stable and functional, the structure must then be dried and then be fired which shrinks the material, increasing density and decreasing porosity. These time consuming, poorly controlled processes make it difficult to efficiently and accurately produce ceramics.

(The American Ceramic Society, 2021)

[bookmark: _Toc64026545]Typical Applications of Ceramics 

· The ceramic Uranium oxide is used as nuclear reactor fuel.
· Zirconia is widely used to produce gems, fuel cells, and oxygen sensors. 
· Body armour is made out of boron oxide. 
· Some ceramics such as bismuth strontium copper oxide and magnesium diboride are superconductors.
· Magnesium silicate is used to produce electrical insulators. 
· Barium titanate is used in heating elements, transducers and capacitors.  
· Glass can be considered a ceramic material as it’s an inorganic solid material fired much like a ceramic, although because of its amorphous nature it can sometimes be considered otherwise. Glass is used widely in many industries and also a huge range of common household items. 
· Due to the bonding within these structures, pure silicon and carbon can also be considered a ceramic material. Therefore, a diamond can be defined as a ceramic. 
[bookmark: _Toc64026546]Existing Processing Techniques of Ceramics

“Methods for forming ceramic powders into complex shapes are desirable in many areas of technology. These forming techniques are well known for providing tools and other components with dimensional stability, surface quality, high density and micro structural uniformity.”

(Zhang, 2019)

[bookmark: _Toc64026547]The Production of Ceramics 

The raw materials required for the production of ceramics include clay, kaolinite, aluminium oxide, silicon carbide, tungsten carbide and some pure elements; they are combined with water to form a mouldable material. The mixture is shaped into a desirable form as ceramics are difficult to work with after production. The final shapes are then dried and fired in a kiln (oven), the heat energy provided by the kiln creates new chemical bonds within the form, this is called vitrification. During firing, volatile impurities and other organics are fired off. Often, a glaze or coating is added and the structure is fired a second time for aesthetic purposes. This method provides the fundamental principles of producing ceramics and is applied to a diverse range of techniques.

(Ford, 1986)

Due to the extremely high melting points of engineering ceramics, universal melting and casting techniques cannot be utilised. They are hard and brittle meaning that secondary processes such as rolling, forging and machining are also not feasible. To overcome these problems, engineering ceramics often start in powder form which is achieved through crushing and grinding larger particle sizes into a fine powder. It is combined with a binding agent to shape the material and then heated to enable the powder to bond into a paste (the is known as green body formation). After heating, the paste becomes a solid structure. This process is called ‘sintering’ or ‘firing’ and creates a basis for advanced processing of ceramics.

(Serrano, et al., 2020) (Zhou, et al., 2021)







[bookmark: _Toc64026548]Table Summary of Current Processing Techniques

	Process
	Theory
	Applications
	Advantages 
	Limitations

	Uniaxial Pressing
	Ceramic powder is compacted under one direction of force.
	Used to create large quantities of simple shapes, often used to make dental crowns and bridges.
	Few additives required for green strength to create the compact powder.
Inexpensive processes.
High production rates.
	Further machining is required for precise geometry, up to 90% of the material is wasted.


	Isostatic Pressing
	Ceramic powder is compacted under all directions of force (using isostatic liquid)
	Used to create large quantities of simple shapes, often used to make dental crowns and bridges.
	This method allows for more complicated shapes to be made.
	There is a risk of the powder sticking to the mould so lubricants are needed.

	Tape Casting
	Suspension based shaping using aqueous and non-aqueous casted on a tape.
	To manufacture wide, thin parts such as electrical wafers and MEM’s. 
	Considered a large series production technique.

	Limited to thin shapes (although there is potential to laminate layers)

	Slip Casting 
	Aqueous slurries are poured into a porous plaster or polymer mould. The cast dries and shrinks away from the mould.
	Often used to process traditional ceramics.
	Complex shapes can be formed.
	There is up to 25% water so significant shrinkage must be accounted for. 
Further sintering is required.

	Pressure Slip Casting
	Pressure is applied to the mould of a slip casting process.
	Widespread technology for producing tableware, sanitary products and crucibles.
	The pressure provides accelerated layer growth.
	Pressure technologies comes at an extra cost. 
Mould will wear faster and will need more regular replacing.

	Extrusion
	Ceramic material is forced through a die to produce long shapes.
	Pipes, tubes, tiles.
	Hight throughput technology
	The dies and mouthpieces are expensive and wear over time.
The process is limited to long shapes. 

	Ceramic Injection Moulding 
	Softened ceramic material is injected into a cavity mould at 500-1500bar.
	Threads for textile industry, turbo chargers and microturbines.
	Holes, threads, thin walls and other small details can be made without further processing.
Very little (if any waste material)
	Ceramics can be highly abrasive which wear expensive moulds quickly.
It is not cost effective for single items.


[bookmark: _Toc64026533]Figure 9 - Table of Ceramic Processing Techniques
(Zhuohao Xiao, 2020)

There are quality issues associated with the manufacturing of ceramics that must be considered;

· Deformation 
Deformation is the most common and most detrimental defect that can occur during production. Improper kiln-drying with fluctuating temperatures can cause the ceramic part the shrink at different rates affecting the geometry of the shape, making it not suitable for function. 

· Cracking 
During firing, if the temperature is raised or lowered too quickly then the ceramic material will crack.

· Foaming
Bubbles can form on the product surface where insufficient oxidation of the decomposition occurs, compromising the quality of the ceramic. 

(Zhang, 2019)
[bookmark: _Toc64026549]The Function of Ceramics in Iron Making 

Over time, ceramics have become a crucial component in the ironmaking process, their thermo-mechanical and thermo-chemical resistant properties make them an ideal material to form the essential refractory elements.

Ceramics make up the refractory bricks inside iron making furnaces, the tap holes to ensure efficient removal of molten iron and also the torpedo ladles which are used to transport for further processing. Additional ceramic components are again utilised throughout the whole steelmaking process.




[bookmark: _Toc64026550]Flash Ironmaking Conditions

A recent study has been carried out, investigating the interaction of magnesia – carbon refractory with ferrous oxide under flash iron making conditions. Flash ironmaking technologies (FIT) reduce energy consumption and greenhouse gas emissions in contrast with the blast furnace method. This particular study involves a falling stream of iron ore concentrate being directly converted to metallic iron through a redox reaction between the ore and the refractory in the presence of reducing gasses. 

Carbon from the MgO-C refractory is intrinsically oxidised to form the reducing agent in the blast furnace as opposed to using coke.

MgO (s) + C (s) > Mg (v) + CO (g)

It must be noted for the reactions to take place the oxygen parcel pressure must be higher than equilibrium.

Converting to this method offers a range of distinct advantages; 

· Sintering of the iron ore prior to ironmaking is not required, eliminating the need of an expensive and problematic process.
· Coke making is also not required, significantly reducing the impact on the environment through less emissions and eliminating the health and safety risks associated with this process. 
· The energy consumption for FIT can operate with 30% less energy than the blast furnace and up to 51% less CO2 emissions.

(Sakar, et al., 2020)





















[bookmark: _Toc64026551]The Production of Magnesia Carbon Refractories

Magnesia Carbon (MgO-C) refractories are one of the most important classes of ceramics in ironmaking due to their ability to withstand thermal shock and remain chemically inert to slag. As the demand for more advanced steels increase, the capabilities of ceramics must evolve.

(Subham, et al., 2014)
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[bookmark: _Toc64026534]Figure 10 - Refractory Manufacturing Process Flow Diagram
(Refractory Industry, 1980)

MgO-C refractories are manufactured using a range of pressing techniques and then further machined into the desired shape. A large health and safety concern with this production method is the particle matter and gaseous emissions including fluoride, sulphur dioxide, carbon monoxide and other volatile components.

(North American Refractories Company, 1984) 

[bookmark: _Toc64026552]Innovative Processing Techniques 

Over time, the prospects of ceramics have evolved, becoming vital components to a vast range of applications. However, it is evident that ceramic materials have one major downfall – their brittleness. If it were possible to combine the strength and stability of ceramics with the malleability and conductivity of metals, it would produce a revolutionary material with limitless opportunities. 


There have been recent studies that show potential developments in technical processes to combine metals and ceramics to meet an exceptional criterion that currently no single material can. Given their extreme differences in physical, chemical and mechanical properties, conventional welding methods cannot be utilised to join the two materials; and there are some difficulties in achieving this using unconventional methods; 

· Wetting ceramics and metals at the same time can be hard.
· Bond conversion and chemical reaction occurs.
· Residual stress exists at the interface. 

Techniques such as ultrasonic bonding, partial transient liquid phase welding and diffusion welding have been explored as possible solution, however ‘brazing’ has been considered the most effective. 

(Zhang, et al., 2020)

[bookmark: _Toc64026553]Brazing

Brazing is a primary joining procedure where molten metal wets the ceramic onto a solid base metal. The brazing temperature is low and the base material does not melt. For this to be effective the metal filler must only wet the ceramic, not the metal, or mutual dissolution and excessive reactions will take place at the interface. Fillers often include silver, copper and titanium. 

(Walker, 2007)
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[bookmark: _Toc64026535]Figure 11 - Diagram of Brazing Technique
(Charles A. Walker, 2013)
[bookmark: _Toc64026554]Conclusions 

This report provides an overview of ceramic processing techniques used historically, currently, and also what potential developments may evolve in the future. 

Their rigid lattice structures and strong atomic bonds were explored which explain the physical properties ceramics have. They are resistant to chemical wearing, have high melting points and remain dimensionally stable in extreme environments making them ideal for components needing to withstand high temperatures. Ceramic materials are an essential component to the iron and steel making process for this reason. 

It was identified that this bonding and structural formation give ceramics a major downfall, extreme brittleness, making them very difficult to manufacture. Many techniques have been developed over time (mainly various types of casting); however, it is almost impossible to achieve a high degree of accuracy and quality. To overcome this, some secondary processing methods can be applied, however due to their hardness ceramics have a high risk of cracking when doing so. 

 Some studies have been carried out to assess the possibilities of merging ceramics with metals to create a diverse material with the beneficial properties of both materials. To a point this have been achieved where two parts can be joined together with a weld; however, further technological developments must take place to unify both materials into one and utilise both property prospects.

“The durability of these ceramic materials has allowed them to bridge the gap between ancient and modern times. Basic durability sets ceramic materials apart, and is the primary characteristic that will guarantee them a place in the future.”

(Phillips, 1991)
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