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ØDELAND, 2025. A collaborative project of Christina Schou Christensen, Signe Fensholt and Thora Finnsdotter Søe to create ceramic experiments with waste materials, featured on the website oedeland.dk. (Image credit: Christoffer Askman)
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INTRODUCTION

Material Matters: An Artist’s Guide to Understanding Ceramic Materials provides an overview of the properties and composition of ceramic materials. It is aimed at providing a basic framework that explains how ceramic materials behave and interact in simplified terms. While this foundational knowledge is useful for understanding how to use materials, it is also crucial for developing more sustainable approaches in ceramics.

Many cultures around the world have sustained the production of ceramics with local resources for centuries. Most ceramic production today, including small-scale studios in Europe and North America, rely on industrially refined clay and glaze ingredients. Yet the long distances these materials travel and their links to global mining operations often have serious environmental and social consequences. The current environmental crisis demands that we reevaluate all aspects of how we make ceramics, and it is only by understanding our own materials and processes that we can begin to address it. Learning how to better use, source and recycle these materials will surely be essential in the future of ceramics.

[image: ]
David Binns, Shard Vessel, 2017. Formed of recycled crushed ceramic material aggregate with additional clay and glaze materials that have been fired, cut, then polished after firing. (Image credit: David Binns)

Both the pursuit of a particular result and the delight of an unexpected one are enriched by the ability to posit how and why things happen. While ceramic materials may vary considerably due to their natural origins, some general principles can help us to strategize how to use and substitute them. While testing is necessary, knowing more about materials and how they function in clays and glazes leads to a level of efficiency that helps in saving effort as well as resources.

A challenge in ceramics arises from the fact that most materials occur as a combination of ceramic oxides rather than as singular sources. For example, clay is comprised of two oxides: silica (SiO2) and alumina (Al2O3). Understanding the composition of ceramic materials in terms of their elemental makeup can provide some significant information about a recipe even before it is mixed or fired. Fortunately, there are only 13 ceramic oxides that comprise most base glazes. The role of each oxide is presented in this text with its natural and commercial sources.

There are five basic types of materials in ceramics: clay, flux, glass former, filler and colourant. Clay bodies and glazes are made from these same ingredients in varying proportions:


	
	CLAY BODIES
	GLAZES


	Clay
	High
	Low


	Flux
	Low
	High


	Glass former
	High
	High


	Filler
	Some
	None


	Colourant
	Low
	Low
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Glaze Dialogue is an international collective of artists and designers working on developing glazes with local and recycled materials to broaden a public dialogue on ceramics and sustainability

[image: ]
Tamsin van Essen, Psoriasis, Medical Heirlooms Series, 2007. Normally considered a glaze fault, this shivering glaze offers a poignant reference to skin conditions. (Image credit: Tamsin van Essen)
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Thomas Müller, Where’d you get that banana?, 2017. High clay content causes cracking which adds dimensionality to this surface. (Image credit: Thomas Müller)
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Annouk Thys, Scape, 2019. Recycled clay and glazes adopted from other artists are recomposed with an element of chance to create a daring new form. (Image credit: Annouk Thys)

Ceramic faults tend to occur when these materials are used in other proportions. For example, clay bodies usually contain low amounts of flux. A clay body mixed with very high amounts of flux may melt and lose its form. Likewise, adding more clay to a glaze can cause the glaze to stiffen, melt less or crawl. Understanding how to gauge the amounts of these five basic types of materials is important for modifying and creating recipes or substituting natural and recycled materials in them. Knowledge of ceramic materials and processes establishes the means for artists and designers to become more inventive. Even with a limited number of materials in ceramics, there are endless possibilities in their combinations. What is truly wondrous about ceramics is that there will always be something more to discover.

[image: ]
Sharon Norwood, Hair Matters, 2018. Upcycled ceramics are re-envisioned with meanings reimagined and revised through the application of overglaze ceramic decals. (Image credit: Sharon Norwood)

We met during a residency at the Guldagergaard International Ceramic Research Center in Denmark. Working alongside each other, we discovered our common desire to make ceramics easier to understand. Our different backgrounds and approaches to the medium proved to be complementary for creating this simplified text on ceramic materials.


AUTHORS

Linda Bloomfield originally trained as a scientist and currently works as an author and studio potter in the UK. She has written numerous books on ceramics including Colour in Glazes, Special Effect Glazes and Science for Potters, among others. Linda also teaches workshops on glaze development and regularly contributes articles to Ceramics Monthly and Ceramic Review.

Linda Swanson is an educator and artist who creates installations of raw materials and kilnfired ceramics which have been exhibited internationally. She teaches ceramics at Concordia University in Montreal, Canada, where her current research interests include the development of unconventional ceramic materials and sustainability.
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Linda Bloomfield, Lichen Forms in Woods, 2021. Thrown porcelain forms with lichen-effect glazes. (Image credit: Henry Bloomfield)
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Linda Swanson, Oculus, 2018. Time-based work with bentonite clay in process of swelling to eventually fill the glass vessel. (Image credit: Gaëtane Girard)




CHAPTER ONE


GEOLOGY AND THE ORIGINS OF CLAY



ROCKS

Clay is a unique natural material that cannot be made artificially or synthesized. The special properties inherent to clay come from the way it is formed through natural weathering processes. Clay comes from rocks that have eroded and broken down into clay minerals that comprise about 60% of the earth’s surface. While clay is abundant, different types of clay and their properties vary widely depending on how and where it is formed. The local geology of any particular place can influence the type, quality and kind of ceramic materials found there.

Ceramic materials are made from minerals which are found in rocks. Some materials are simply crushed rocks, while clay is formed through erosion and weathering. The minerals used in ceramics come from all three of the basic types of rocks: igneous, sedimentary and metamorphic.


	IGNEOUS ROCKS
	formed from molten magma that has cooled and crystallized


	SEDIMENTARY ROCKS
	formed under pressure from deposited layers of sediment


	METAMORPHIC ROCKS
	formed of other rocks that are changed by heat, pressure and/or hydrothermal processes
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Magdolene Dykstra, Polyanthroponemia, 2020. Site-specific installation of unfired clay and mixed media. (Image credit: Toni Hafkenscheid)
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Aneta Regel, Untitled Vessel, 2023. Crushed rocks are incorporated into the clay body and protrude from the form in unpredictable ways. (Image credit: Sylvain Deleu & Matthew Booth)
[image: A geological cross-section diagram with labeled regions and processes including Extrusive igneous rock, Intrusive igneous rock, Metamorphic rock, Sedimentary rock, Magma = molten rock from core and mantle, Ash/tuff, Lava basalts, Weathering erosion, Sedimentation, Burial, Crystallization, Melting, and Deep burial, heating. Arrows indicate movement and transformation between layers and materials.]
Rock cycle

Igneous rocks play the most significant role in the formation of clay minerals. Igneous rocks are formed from magma that has risen from deep underground. Extrusive igneous rocks are formed from openings above ground from magma that has flowed to the surface and been spewed as lava or ash. Intrusive igneous rocks are formed from magma that remains underground, cooling more slowly and crystallizing. The type of rock known as feldspar is an intrusive igneous rock that precipitates out of magma as it cools and crystallizes. Feldspar can eventually morph into the clay mineral known as kaolinite. The kaolinite mineral plays a part in many different types of clay.
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Grey granite rock
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Pink granite rock

Two processes change rock into clay minerals: decomposition and disintegration. Disintegration is the mechanical breakdown of rocks and minerals and can be caused by multiple factors including weathering from freeze-thaw cycles, wind, lightning and fire, root action from plants, animal movements, glaciers and the crystallization of soluble salts. Decomposition is the chemical breakdown of rocks and minerals from acids including acid rain, underground hydrothermal acidic solutions and gases, or carbonic acid from decaying organic matter.

The rock granite contains feldspar, and it offers a good example of how clay is naturally formed out of rock. Granite is composed of three minerals: quartz, feldspar, and mica. These three components can be distinguished by their colour and finish; quartz is glassy clear or grey, feldspar is white, dull pink or yellow and mica is shiny black. Even though granite is quite hard, its coarse-grained texture can break apart over time, exposing and separating these three distinct minerals. Given the right conditions, the feldspar mineral of the granite can be altered through weathering and hydrothermal processes into the mineral kaolinite. Kaolinite is the primary component of kaolin and other clays.

Feldspar breaks down physically from granite initially by disintegration, breaking apart from the quartz and mica. The feldspar becomes further reduced through decomposition which happens on a molecular level. As feldspar decomposes, the soluble alkali compounds of sodium and potassium dissolve and wash out of the feldspar. After their removal, only two compounds remain: alumina and silica. Having lost the alkali components, the alumina and silica are primed to bond with water, also known as a hydrous aluminosilicate. This new substance is also called kaolinite which is the mineral basis of clay. The ideal formula for clay matches the chemical formula of kaolinite: one molecule of alumina bonded to two molecules of silica and two molecules of water.


	Al2O3
	2SiO2
	2H2O


	Alumina
	Silica
	Water


	(Alumino)
	(Silicate)
	(Hydrous)





CLAY MINERALS

Clays can be classified according to their mineral composition. In ceramics, the three commonly encountered clay minerals are kaolinite, illite and smectite (montmorillonite).

Kaolinite is the most common clay mineral in ceramics. Despite appearing as a powder, kaolinite is a crystalline mineral formed from feldspathic rocks. As it is transported from its initial deposit site by erosion, kaolinite combines with other minerals to form the basis of most clays.

Illite is formed from decomposed mica, one of the three minerals found in granite, though it is also found individually. Illite comes primarily from sedimentary clays that have hardened into shale.

[image: A structural model labeled Silica tetrahedra showing a single tetrahedron on the left and a chain of connected tetrahedral units on the right, with adjacent units sharing corner atoms.]
Schematic of silica layer

Smectite, also known as montmorillonite, is a group of minerals derived from decomposed volcanic ash or tuff. Molecular bonds in montmorillonite are easily broken by water and the structure can absorb large amounts of water which causes high expansion when wet and high shrinkage when dried. Bentonite is the most common smectite or montmorillonite clay.

[image: A structural model labeled Alumina octahedra showing a single octahedron on the left and a chain of connected octahedral units on the right, with adjacent units sharing edges and corner atoms.]
Silica tetrahedra

[image: A layered schematic labeled Schematic of alumina layer showing a rectangular horizontal layer above a thin base line.]
Alumina octahedra

[image: A layered schematic labeled Schematic of silica layer showing a tapered horizontal layer above a thin base line.]
Schematic of alumina layer

[image: Three stacked layer diagrams labeled Kaolin, Illite, and Bentonite. The Kaolin structure shows separated layers with OH labels between layers. The Illite structure shows stacked layers with K+ ions positioned between layers. The Bentonite structure shows stacked layers separated by spaces labeled Water.]
The structure of clay. Silica tetrahedra and alumina octahedra. The red atoms at the corners are oxygen. The silicon atoms are at the centres of the tetrahedra and the aluminium atoms are at the centres of the octahedra. Layers of silica tetrahedra, alumina octahedra and water. Kaolin has repeating alumina and silica layers bonded with weak hydroxyl OH bonds. Illite has three layers bonded strongly with potassium (K+) ions, while bentonite is similar but the layers are less strongly bonded and can swell by taking in water between each layer


RESIDUAL AND SEDIMENTARY CLAY

While clay deposits vary widely one from another depending on the geology of the area where they form, it is helpful to divide clays into two general categories: residual and sedimentary. Residual clay remains in its original deposit and sedimentary clay has been transported away from this site. The place where clay minerals occur is an important factor in determining the attributes of the clay such as particle size, firing temperature and colour.

Residual or primary clay results from the disintegration and decomposition of rocks that remain at or near the site of the parent rock. Kaolin is a primary clay. The word kaolin is derived from the Chinese word gaoling which means ‘high ridge’, presumably because kaolin usually occurs at high elevations in residual deposits. Kaolin forms through decomposition of feldspar at the site of the original granite rock. Kaolin particles are somewhat larger than those of other clays because they have not been reduced by the abrasive physical action of erosion. While granites and feldspars produce the whitest and most reliable kaolin, the rock diorite can also produce a pinkish red kaolin that is heavily stained with iron although much less common. When kaolin is transported by erosion from the primary site, its kaolinite minerals form the basis of other clays through sedimentary deposits.

[image: A landscape diagram titled Primary and Secondary Clays showing a descending path from Primary kaolin (china clay) through Secondary kaolin, Ball clays, Stoneware clay, and Earthenware clay. Labels below indicate Primary clays with little transport and Secondary clays with increasing transport and weathering.]
[image: ][image: ]
Nina Salsetto, Blatusa, Croatia, 2023. Image of site and vessel made from pink kaolin collected by the artist in Croatia conveys a story of this particular place. (Image credit: Unurgent Argilla)

Sedimentary or secondary clay has moved from the original site of its formation at the parent rock. Secondary clays are generated when extremely small and lightweight clay particles are moved through weathering processes like wind and rain. While there are few deposits of primary kaolin remaining, secondary kaolins and other sedimentary deposits of clay are common. As clays are transported by these natural processes, their particle size becomes reduced which renders the clay more plastic. Secondary clays vary from low to very high plasticity, in colour and their refractoriness. Most clays are sedimentary, including ball clay, fire clay, common surface clay, and secondary kaolin.

Sedimentary clays are further described by the location of their deposit: alluvial clays are in streams, riverbanks or on flood plains, lacustrine clays are in lakes, estuarine clays are in bays or river mouths, and marine clays are near or offshore. These clays may also be referred to by the type of movement that they have undergone: glacial clays are moved by glaciers, aeolian clays are moved by wind, and colluvial clays are moved by gravity.



SEDIMENTARY AND METAMORPHIC PROCESSES

Once a rock has morphed into clay, the clay may remain as clay or it may reform into sedimentary or metamorphic rocks. Clay that hardens into sedimentary rock is called shale. Shales can be ground back into clay and, while lacking plasticity, shales are used in tile and brick production that do not require plasticity. Shales are hydrous alumino silicates and contain water bonded at a molecular level. Once shale has been changed by heat and pressure it becomes the metamorphic rock known as slate. This process removes the chemically combined water such that ground slate can no longer exhibit the properties of clay.


	TIME
	SEDIMENTS
	CLAY/MUD
	SAND
	CALCIUM CARBONATE (WHITING)
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	Sedimentary rocks
	Shale
	Sandstone
	Limestone



	Metamorphic rocks
	Slate
	Quartzite
	Marble




Chart adapted from Yvonne Hutchinson Cuff

[image: ]
Slate rock


ROCKS AND CHEMISTRY

To understand how the geology of rocks and minerals relates to the chemistry of clay and glaze materials, it is helpful to review a few terms that describe different forms of matter, going from rocks down to atoms and elements.


	ROCKS
	Mixtures of one or more minerals.


	MINERALS
	Compounds with a definable chemical formula and molecular structure and distinct crystal formation.


	OXIDES
	Compounds in which oxygen atoms are combined with another element, for example, calcium oxide (CaO).


	COMPOUNDS
	Substances composed of two or more elements bonded together that create a new substance with different characteristics from its constituent elements. All ceramic materials are compounds, the most common being OXIDES.


	MOLECULES
	Units of combined atoms, either of the same or different elements.


	ATOMS
	The smallest units of an element.


	ELEMENTS
	Material of an element is made up of atoms of a single type and has properties distinct from material of other elements.




All elements are listed in the periodic table (Appendix 1).

Natural sources of rocks and minerals are often complex with multiple elements that create the character of a material when it is used in ceramics. The following chart demonstrates how an individual element like aluminium relates to one of its many sources, granite.


	ROCK
	Granite
	Granite is comprised of feldspar, mica, quartz


	MINERAL
	Feldspar
	K2O Al2O3 6SiO2


	CLAY MINERAL
	Kaolinite
	Al2O3 2SiO2 2H2O Feldspar can convert to the clay mineral kaolinite that contains alumina (Al2O3), silica (SiO2) and water (H2O)


	OXIDE/COMPOUND
	Alumina
	Al2O3 Aluminium + oxygen = aluminium oxide or alumina


	ELEMENT
	Aluminium
	Al




A challenge in ceramics arises from the fact that there are multiple sources for any single element. Elements combined with oxygen occur in ceramics as oxides and oxides often occur in combination. Alumina appears in many ceramic materials including clay, feldspars, kyanite, some frits that contain silica and other ceramic oxides. Combined oxides tend to melt better but accounting for how much of any single oxide occurs in a recipe requires some calculation as explained in Chapter 7.


	OXIDE
	CERAMIC MATERIALS
	NATURAL SOURCES


	Alumina (Al2O3)
	Clay
	Clays


	
	Feldspar
	Feldspars


	
	Some frits
	Igneous rocks (granite)


	
	Alumina hydrate
	Bauxite


	
	Kyanite
	Kyanite




Oxides are formed when elements combine with oxygen. Oxygen is the most abundant element in the crust of the Earth. Oxygen is extremely reactive and combines with many other elements. Ceramic materials most often occur in their oxide form. Clay bodies and base glazes are made up primarily of the 13 oxides listed in the chart below. Knowing these 13 oxides and how they interact and occur in materials establishes a foundation for understanding ceramics.


	
	ELEMENT
	SYMBOL
	OXIDE
	OXIDE NAME


	1
	Aluminium
	Al
	Al2O3
	Aluminium oxide or alumina


	2
	Silicon
	Si
	SiO2
	Silicon dioxide or silica


	3
	Boron
	B
	B2O3
	Boron oxide or boric oxide


	4
	Phosphorus
	P
	P2O5
	Phosphorus or phosphoric oxide


	5
	Sodium
	Na
	Na2O
	Sodium oxide or soda


	6
	Potassium
	K
	K2O
	Potassium oxide or potassia


	7
	Lithium
	Li
	Li2O
	Lithium oxide or lithia


	8
	Calcium
	Ca
	CaO
	Calcium oxide or calcia


	9
	Magnesium
	Mg
	MgO
	Magnesium oxide or magnesia


	10
	Barium
	Ba
	BaO
	Barium oxide or baria


	11
	Strontium
	Sr
	SrO
	Strontium oxide or strontia


	12
	Zinc
	Zn
	ZnO
	Zinc oxide


	13
	Lead
	Pb
	PbO
	Lead oxide




[image: ]
Thora Finnsdottir Søe, Mimicry, 2023. Lava glaze traps the bubbles created when silicon carbide releases carbon dioxide gas during firing. (Image credit: Thora Finnsdottir Søe)

Aside from oxygen, elements may also combine with other elements such as carbon, sulphur, chlorine, nitrogen, and silicon. When elements occur with carbon, they are called carbonates or carbides. Carbides

[image: ]
Local clay collected in Quebec, Canada


COLLECTING NATURAL MATERIALS



[image: ]
The Search for Icelandic Porcelain Project, 2017. Porcelain sourced from found resources in Iceland with granite as a substitute for feldspar. (Image credit: Axel Sigurdarson)

[image: ]
Elysia Athanatos, Bornholm Wild Clay, 2024. (Image credit: Elysia Athanatos)
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