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[bookmark: _Toc64048539]Properties
Ceramics are refractory in the truest sense. They are resistant to heat, pressure, and chemical attack even at high temperatures. Ceramics are also in general very hard materials which makes them very wear resistant and but also very brittle when subjected to mechanical or thermal shock.
Low tensile and torsional strength but high young’s modulus or stiffness, means that ceramics excel in uniaxial compression but suffer from rapid brittle fracture when subjected to small amounts of tension, in any plane or direction. In construction, cements can be pre-stressed by pouring the cement around a steel matrix held in tension but below the yield point. Once the cement has cured the tension can be released imparting a compressive force on the concrete/cement thus loads can be carried by induced stresses throughout the entire structure rather than by the simple steel reinforcement. [1]
Resistance from heat in excess of 2000C[2] is not uncommon in ceramics and some ceramics have low coefficients of thermal expansion prevent a brittle material from cracking or rupturing at extreme temperatures due to internal stresses. Consider a Pyrex jug and another feature of ceramics can be explored, transparency. Some ceramics don’t form crystalline structures but instead form an amorphous solid that allows light to be transmitted through the material.
Resistance to chemical attack is due to the low reactivity of ceramic compounds that make up ceramics, this is normally tailored to the application. For example, basic refractories such as magnesite and dolomite are used when contact with acidic slags is expected. Such as steelmaking, where basic refractories will not react with the alkaline slag produced during basic oxygen steelmaking. [3]
[bookmark: _Toc64048540]Structure and Bonding
Ceramics are compounds comprising of metallic and non-metallic elements, they are generally bonded ionically however the level of ionic-covalent bonding level can be considered to lie on a spectrum as the electronegativity of the constituent elements determines the ionic to covalent character. [4]
Structure and bonding play a determining factor of the material properties discussed earlier. Ionic bonds in crystalline ceramics have limited ability to slip or dislocate but once moved by a large enough force, an electrostatic repulsion between ions can become the dominant force, rapidly breaking the structure. Which is why ceramics undergo rapid brittle fracture.
In a crystalline ceramic, light will not be transmitted though the solid material. Photons are absorbed by the crystal lattice. In glasses, photons are not absorbed due to a large band gap preventing the absorption of photons with energies too low to participate in interactions that prevent transmission. This also explains why common silica glass is opaque to higher energy photons such as those from the ultra-violet range of the electromagnetic spectrum. Indeed, any solid object can be transparent to radiation of a particular energy. [5]


[bookmark: _Toc64048541]Existing Processes
Ceramics can be classified in a taxonomy of the following main groups, each with their own specific manufacturing considerations. They are clays, glasses, refractories, abrasives, cements and “advanced ceramics” [6]

[bookmark: _Toc64048589]Figure 1 - Taxonomy of Ceramics, adapted from [6]

This essay will focus on the production of clay products which can be split into two groups, structural and whitewares. 
[bookmark: _Toc64048542]History
Clay in its mineral form exists in only about 5% of the earth’s crust. However, clays are the product of chemical weathering of silicate minerals such as feldspar and the entire silicate family of rocks/minerals makes up a massive 92% of the earth’s crust. Therefore, clay forming minerals are abundant in their existence. [7]
Clay products typically fall into two wide-reaching categories, structural and whitewares. They are among the oldest known ceramic products with examples dating as far back as 24,000BC for artistic artefacts and 9000BC for functional examples.[8]
Clays composed of kaolinite are required for the manufacture of porcelain, whiteware, and refractories. Clays composed of a mixture of clay minerals, in which illite is most abundant, are used in the manufacture of brick, tile, stoneware, and glazed products. [9] In both cases impurities such as iron oxide give rise to the traditional reddish-brown colour associated with ceramic clay products. Filler materials such as quartz adds bulk to the material and fluxes such as feldspar in mineral form promotes vitrification during the firing phase.
Clays are phyllosilicates, or sheet silicates, stemming from the word phyllon, the Greek word for leaf. The sheets are <2 microns in size and are hydrated molecules. The hydroxyl group forms hydrogen bonds readily between sheets giving a yield strength high enough for basic structural integrity. This layered structure also allows for water to enter the spaces between sheets, disrupting the intermolecular bonds between silicate sheets and forming new intermolecular hydrogen bonds between the clay and the water. [10]This thin film of water infiltrates the space surrounding each plate allowing for more ready movement known as hydroplasticity.
[image: Infiltration of water molecules between clay sheets (Hensen and Smit, 2002).]
[bookmark: _Toc64048590]Figure 2 - Infiltration of water molecules between clay sheets [10]
Hydroplasticity of clay is the determining factor in ceramic manufacturing process selection. The formability of hydrated clay minerals applies to both structural and whiteware ceramics
Hydroplastic forming and slip casting are two techniques associated with ceramic manufacture from clay. 
[bookmark: _Toc64048543]Slip Casting
A slip is a slurry suspension of clay in water that can be poured into a mould. In order to form a green body that can be fired, water must first be removed from the slip. This begins at the mould boundary in moulds made from plaster or other porous materials. The semi solidification at the boundary allows for hollow parts to be produced by pouring out slip once a sufficient wall thickness has been achieved. Solid parts can be produced by waiting for drying to complete throughout the whole body. Significant shrinkage can occur during drying which causes the part to detach from the mould, this may be desirable in the case of mass produced simple shapes as parts can be removed without further manipulation or may not be desirable if complex shapes can become distorted by shrinking in the mould.
[image: Diagram to demonstrate 'Slip-casting' - see article ]
[bookmark: _Toc64048591]Figure 3 - Hollow Slip Casting Process [11]
[bookmark: _Toc64048544]Hydroplastic Forming
When in a hydroplastic state, clay is malleable, ductile, and formable whether shaped in a press tool or thrown by hand on a potter’s wheel. Water distribution throughout the clay must be controlled so that uniform drying can take place, preventing collapse or damage to the green body structure. The pressure of formation can influence the properties of the final ceramic, firebricks are noticeably denser than construction bricks. This is due to the green body being formed by much higher pressures, producing a less porous material better suited to extreme heat. [12]
[bookmark: _Toc64048545]Drying
If a clay was fired immediately water would not leave the matrix uniformly and could even get trapped within the clay, causing rupture or cracking. To prevent this clay is first dries to what is known as a “green ceramic body” Conversely once a shape has been formed the clay body remains porous. Excess water may be absorbed which can cause the body to lose strength and thus shape. An ideal green ceramic would have a moisture content of 15% or less [13], this allows a body to have sufficient strength to be handled by person or machine without losing shape but also is not beyond the point where water can be added to return the clay to a hydroplastic state, reducing waste.
[bookmark: _Toc64048546]Firing
Following drying, a green body is fired in a kiln or oven at temperatures between 900-1400C. [14]Further moisture is driven from the body and the material starts to agglomerate by sintering, which is the process that gives ceramics their mechanical properties. When the temperature of firing is above the melting point of an included flux a glass is formed that fills the pores of the ceramic, decreasing overall porosity and is the cause of the final ceramic’s impermeability to water. The temperature and duration of firing can be controlled to modify the room temperature properties of the ceramic. High temperature firing of a kaolin-based clay results in porcelain which contains enough vitrified glass matrices such that fine porcelain is considered translucent. [6] Bisque firing is a slow method of firing at high temperature. The final product remains porous as not enough time has been given for full vitrification to seal the body. Bisque firings are frequently followed by a glaze firing.
[bookmark: _Toc64048547]Development of New Processes
[bookmark: _Toc64048548]Tape casting
Tape casting is a method of ceramic manufacture whereby a slip is poured onto a flat surface and spread by a blade across a support structure. The thin green body can be manipulated and cut to form the sheets required for capacitor and battery manufacture. Tapes can be formed into extremely thin sheets approaching 5 microns in thickness. [15]
[image: Image result for tape casting]
[bookmark: _Toc64048592]Figure 4 - Tape Casting Sectional View [16]
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The initial stage of clay firing is to remove water, too fast and internal stresses can build resulting in cracks and spalling, a solid product from slip casting can be sped along by using a vacuum to improve the removal of water at lower temperatures due to the decreased boiling point at lower vapour pressures. A vacuum will also de-air a slip further reducing density and reducing the probability of a crack forming at a trapped air pocket. This increases the likelihood of success during firing. Vacuum processing can be applied to tape casting.
[bookmark: _Toc64048550]3D Printing
Perhaps the most modern method of manufacturing. 3d printing is not limited by design considerations of the past when it comes to moulds or work holding. Fused Deposition Modelling (FDM) is an additive manufacturing process whereby a filament is extruded into layers. Each 2D layer is stratified to produce a 3-dimensional shape. Since the manufacture of some structural clay products, notably general construction bricks can utilise extrusion it stands to reason that clay can be extruded through a nozzle or a form of binder jetting can be used.


[bookmark: _Toc64048551]Conclusion
Even though clays have been manufactured for thousands of years and touch our everyday lives. Projects such as MARSHA [17] have been established to develop a way to print MARS Habitats, proving that innovation in even an “old” field of research can be exciting and cutting edge. Provided that Martian clay minerals provide sufficient yield strength in the green phase to allow extrusion. Such a project would enable the construction of habitats and other structures remotely before human landings. Thus, overcoming the biggest hurdle of spaceflight, the mass ratio of the vehicle, by utilising material at the landing site, less material must be launched from the earth resulting in less propellant being required and thus a smaller more efficient rocket.
However, without a way to fire the resulting green ceramic and with an average surface temperature of -62C a way to bind the structure is required. The solution is to use a bioplastic called PLA, Poly Lactic Acid. The resulting structure is more akin to a frozen wattle and daub construction. Thus, bringing humanity’s use of ceramics full circle, from prehistoric huts to printed habitats across the solar system. 
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