
Ceramics 

Ceramics are classified as inorganic and nonmetallic materials that 
are essential to our daily lifestyle.  Ceramic and materials engineers are the 
people who design the processes in which these products can be made, 
create new types of ceramic products, and find different uses for ceramic 
products in everyday life.  

Ceramic History 

Archeologists have uncovered human-made ceramics that date back to at 

least 24,000 BC. These ceramics were found in Czechoslovakia and were in 

the form of animal and human figurines, slabs, and balls. These ceramics 

were made of animal fat and bone mixed with bone ash and a fine claylike 

material. After forming, the ceramics were fired at temperatures between 

500-800°C in domed and horseshoe shaped kilns partially dug into the 

ground with loess walls. While it is not clear what these ceramics were 

used for, it is not thought to have been a utilitarian one. The first use of 

functional pottery vessels is thought to be in 9,000 BC. These vessels were 

most likely used to hold and store grain and other foods. 

 

It is thought that ancient glass manufacture is closely related to pottery 

making, which flourished in Upper Egypt about 8,000 BC. While firing 

pottery, the presence of calcium oxide (CaO) containing sand combined 

with soda and the overheating of the pottery kiln may have resulted in a 

colored glaze on the ceramic pot. Experts believe that it was not until 1,500 

BC that glass was produced independently of ceramics and fashioned into 

separate items. 

 

Since these ancient times, the technology and applications of ceramics 

(including glass) has steadily increased. We often take for granted the 

major role that ceramics have played in the progress of humankind. Below 

are just a few examples of how important ceramics are to society. 



Ceramics 

            Ceramics are all around us.  This category of materials includes 
things like tile, bricks, plates, glass, and toilets.  Ceramics can be found in 
products like watches (quartz tuning forks-the time keeping devices in 
watches), snow skies (piezoelectric-ceramics that stress when a voltage is 
applied to them), automobiles (sparkplugs and ceramic engine parts found 
in racecars), and phone lines.  They can also be found on space shuttles, 
appliances (enamel coatings), and airplanes (nose cones).  Depending on 
their method of formation, ceramics can be dense or 
lightweight.  Typically, they will demonstrate excellent strength and 
hardness properties; however, they are often brittle in nature.  Ceramics 
can also be formed to serve as electrically conductive materials, objects 
allowing electricity to pass through their mass, or insulators, materials 
preventing the flow of electricity.  Some ceramics, like superconductors, 
also display magnetic properties. 

Ceramics are generally made by taking mixtures of clay, earthen 
elements, powders, and water and shaping them into desired forms.  Once 
the ceramic has been shaped, it is fired in a high temperature oven known 
as a kiln.  Often, ceramics are covered in decorative, waterproof, paint-like 
substances known as glazes. 

Ceramic Processing 

Ceramic processing is used to produce commercial products that are very 
diverse in size, shape, detail, complexity, and material composition, 
structure, and cost.  The purpose of ceramics processing to an applied 
science is the natural result of an increasing ability to refine, develop, and 
characterize ceramic materials.  

Ceramics are typically produced by the application of heat upon processed 
clays and other natural raw materials to form a rigid product. Ceramic 
products that use naturally occurring rocks and minerals as a starting 
material must undergo special processing in order to control purity, 
particle size, particle size distribution, and heterogeneity. These attributes 
play a big role in the final properties of the finished ceramic. Chemically 



prepared powders also are used as starting materials for some ceramic 
products. These synthetic materials can be controlled to produce powders 
with precise chemical compositions and particle size. 
 
The next step is to form the ceramic particles into a desired shape. This is 
accomplished by the addition of water and/or additives such as binders, 
followed by a shape forming process. Some of the most common forming 
methods for ceramics include extrusion, slip casting, pressing, tape casting 
and injection molding. After the particles are formed, these "green" 
ceramics undergo a heat-treatment (called firing or sintering) to produce a 
rigid, finished product. Some ceramic products such as electrical insulators, 
dinnerware and tile may then undergo a glazing process. Some ceramics 
for advanced applications may undergo a machining and/or polishing step 
in order meet specific engineering design criteria. 

Ceramic Properties 

The properties of ceramic materials, like all materials, are dictated by the 
types of atoms present, the types of bonding between the atoms, and the 
way the atoms are packed together. This is known as the atomic scale 
structure. Most ceramics are made up of two or more elements. This is 
called a compound. For example, alumina (Al2O3), is a compound made up 
of aluminum atoms and oxygen atoms. 
 
The atoms in ceramic materials are held together by a chemical bond. The 
two most common chemical bonds for ceramic materials are covalent and 
ionic. For metals, the chemical bond is called the metallic bond. The 
bonding of atoms together is much stronger in covalent and ionic bonding 
than in metallic. That is why, generally speaking, metals are ductile and 
ceramics are brittle. Due to ceramic materials wide range of properties, 
they are used for a multitude of applications. In general, most ceramics are: 

 hard, 
 wear-resistant, 
 brittle, 
 refractory, 
 thermal insulators, 



 electrical insulators, 
 nonmagnetic, 
 oxidation resistant, 
 prone to thermal shock, and 
 chemically stable. 

 A ceramic is an inorganic, nonmetallic solid material 

comprising metal, nonmetal ormetalloid atoms primarily held 

in ionic and covalent bonds. The crystallinity of ceramic materials 

ranges from highly oriented to semi-crystalline, and often 

completelyamorphous (e.g., glasses). Varying crystallinity 

and electron consumption in the ionic and covalent bonds cause most 

ceramic materials to be good thermal and electrical insulators and 

extensively researched in ceramic engineering. Nevertheless, with 

such a large range of possible options for the composition/structure 

of a ceramic (e.g. nearly all of the elements, nearly all types of 

bonding, and all levels of crystallinity), the breadth of the subject is 

vast, and identifiable attributes (e.g. hardness,toughness, electrical 

conductivity, etc.) are hard to specify for the group as a whole. 

However, generalities such as high melting temperature, high 

hardness, poor conductivity, high moduli of elasticity, chemical 

resistance and low ductility are the norm,[1] with known exceptions to 

each of these rules (e.g. piezoelectric ceramics,glass 

transition temperature, superconductive ceramics, etc.). Many 

composites, such as fiberglass and carbon fiber, while containing 

ceramic materials, are not considered to be part of the ceramic 

family.[2] 

 The word "ceramic comes from the Greek word κεραμικός (keramikos), 

"of pottery" or "for pottery",[3] from κέραμος (keramos), "potter's clay, 

tile, pottery".[4] The earliest known mention of the root "ceram-" is 

the Mycenaean Greek ke-ra-me-we, "workers of ceramics", written 

in Linear B syllabic script.[5] The word "ceramic" may be used as an 
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adjective to describe a material, product or process, or it may be used 

as a noun, either singular, or, more commonly, as the plural noun 

"ceramics".[6] 

 The earliest ceramics made by humans were pottery objects, 

including 27,000-year-old figurines, made from clay, either by itself 

or mixed with other materials like silica, hardened, sintered, in fire. 

Later ceramics were glazed and fired to create smooth, colored 

surfaces, decreasing porosity through the use of glassy, amorphous 

ceramic coatings on top of the crystalline ceramic 

substrates.[7] Ceramics now include domestic, industrial and building 

products, as well as a wide range of ceramic art. In the 20th century, 

new ceramic materials were developed for use in advanced ceramic 

engineering, such as in semiconductors. 

By usage 

For convenience, ceramic products are usually divided into four sectors; 

these are shown below with some examples: 

 Structural, including bricks, pipes, floor and roof tiles 

 Refractories, such as kiln linings, gas fire radiants, steel and glass 

making crucibles 

 Whitewares, including tableware, cookware, wall tiles, pottery products 

and sanitary ware[8] 

 Technical, also known as engineering, advanced, special, and fine 

ceramics. Such items include: 

 gas burner nozzles 

 ballistic protection 

 nuclear fuel uranium oxide pellets 

 biomedical implants 

 coatings of jet engine turbine blades 

 ceramic disk brake 
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 missile nose cones 

 bearing (mechanical) 

 tiles used in the Space Shuttle program 

Frequently, the raw materials do not include clays.[9] 

Some pottery bodies 

 Earthenware, fired at lower temperatures than other types 

 Stoneware, vitreous or semi-vitreous 

 Porcelain, which contains a high content kaolin 

 Bone china 

Classification of technical ceramics 

Technical ceramics can also be classified into three distinct material 

categories: 

 Oxides: alumina, beryllia, ceria, zirconia 

 Nonoxides: carbide, boride, nitride, silicide 

 Composite materials: particulate reinforced, fiber reinforced, 

combinations of oxides and nonoxides. 

Each one of these classes can develop unique material properties because 

ceramics tend to be crystalline. 

Other applications of ceramics 

 Knife blades: the blade of a ceramic knife will stay sharp for much 

longer than that of a steel knife, although it is more brittle and can snap 

from a fall onto a hard surface. 

 Ceramic brake disks for vehicles are resistant to abrasion at high 

temperatures. 
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 Advanced composite ceramic and metal matrices have been designed 

for most modern armoured fighting vehiclesbecause they offer superior 

penetrating resistance against shaped charges (such as HEAT rounds) 

and kinetic energy penetrators. 

 Ceramics such as alumina and boron carbide have been used in ballistic 

armored vests to repel large-caliber rifle fire. Such plates are known 

commonly as small arms protective inserts, or SAPIs. Similar material is 

used to protect thecockpits of some military airplanes, because of the 

low weight of the material. 

 Ceramics can be used in place of steel for ball bearings. Their higher 

hardness means they are much less susceptible to wear and typically 

last for triple the lifetime of a steel part. They also deform less under 

load, meaning they have less contact with the bearing retainer walls and 

can roll faster. In very high speed applications, heat from friction during 

rolling can cause problems for metal bearings, which are reduced by the 

use of ceramics. Ceramics are also more chemically resistant and can be 

used in wet environments where steel bearings would rust. In some 

cases, their electricity-insulating properties may also be valuable in 

bearings. Two drawbacks to ceramic bearings are a significantly higher 

cost and susceptibility to damage under shock loads. 

 In the early 1980s, Toyota researched production of 

an adiabatic engine using ceramic components in the hot gas area. The 

ceramics would have allowed temperatures of over 3000 °F (1650 °C). 

The expected advantages would have been lighter materials and a 

smaller cooling system (or no need for one at all), leading to a major 

weight reduction. The expected increase of fuel efficiency of the engine 

(caused by the higher temperature, as shown by Carnot's theorem) 

could not be verified experimentally; it was found that the heat transfer 
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on the hot ceramic cylinder walls was higher than the transfer to a 

cooler metal wall as the cooler gas film on the metal surface works as 

a thermal insulator. Thus, despite all of these desirable properties, such 

engines have not succeeded in production because of costs for the 

ceramic components and the limited advantages. (Small imperfections 

in the ceramic material with its low fracture toughness lead to cracks, 

which can lead to potentially dangerous equipment failure.) Such 

engines are possible in laboratory settings, but mass production is not 

feasible with current technology. 

 Work is being done in developing ceramic parts for gas turbine engines. 

Currently, even blades made of advanced metal alloys used in the 

engines' hot section require cooling and careful limiting of operating 

temperatures. Turbine engines made with ceramics could operate more 

efficiently, giving aircraft greater range and payload for a set amount of 

fuel. 

 Recent advances have been made in ceramics which include 

bioceramics, such as dental implants and synthetic 

bones.Hydroxyapatite, the natural mineral component of bone, has been 

made synthetically from a number of biological and chemical sources 

and can be formed into ceramic materials. Orthopedic implants coated 

with these materials bond readily to bone and other tissues in the body 

without rejection or inflammatory reactions so are of great interest for 

gene delivery and tissue engineering scaffolds. Most hydroxyapatite 

ceramics are very porous and lack mechanical strength, and are used to 

coat metal orthopedic devices to aid in forming a bond to bone or as 

bone fillers. They are also used as fillers for orthopedic plastic screws to 

aid in reducing the inflammation and increase absorption of these 

plastic materials. Work is being done to make strong, fully dense 

nanocrystalline hydroxyapatite ceramic materials for orthopedic weight 
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bearing devices, replacing foreign metal and plastic orthopedic 

materials with a synthetic, but naturally occurring, bone mineral. 

Ultimately, these ceramic materials may be used as bone replacements 

or with the incorporation of protein collagens, synthetic bones. 

 High-tech ceramic is used in watchmaking for producing watch cases. 

The material is valued by watchmakers for its light weight, scratch 

resistance, durability and smooth touch. IWC is one of the brands that 

initiated the use of ceramic in watchmaking. The case of the IWC 2007 

Top Gun edition of the Pilot's Watch double chronograph is crafted in 

black ceramic.[10] 

Types of ceramic material 

 

A low magnification SEM micrograph of an advanced ceramic material. 
The properties of ceramics make fracturing an important inspection 
method. 

A ceramic material is an inorganic, non-metallic, often crystalline oxide, 

nitride or carbide material. Some elements, such as carbon or silicon, may 

be considered ceramics. Ceramic materials are brittle, hard, strong in 

compression, weak in shearingand tension. They withstand chemical 

erosion that occurs in other materials subjected to acidic or caustic 

environments. Ceramics generally can withstand very high temperatures, 

such as temperatures that range from 1,000 °C to 1,600 °C (1,800 °F to 

3,000 °F). A glass is often not understood as a ceramic because of 

its amorphous(noncrystalline) character. However, glassmaking involves 
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several steps of the ceramic process and its mechanical properties are 

similar to ceramic materials. 

Traditional ceramic raw materials include clay minerals such as kaolinite, 

whereas more recent materials include aluminium oxide, more commonly 

known as alumina. The modern ceramic materials, which are classified as 

advanced ceramics, includesilicon carbide and tungsten carbide. Both are 

valued for their abrasion resistance, and hence find use in applications 

such as the wear plates of crushing equipment in mining operations. 

Advanced ceramics are also used in the medicine, electrical and electronics 

industries. 

Crystalline ceramics[edit] 

Crystalline ceramic materials are not amenable to a great range of 

processing. Methods for dealing with them tend to fall into one of two 

categories – either make the ceramic in the desired shape, by reaction in 

situ, or by "forming" powders into the desired shape, and then sintering to 

form a solid body. Ceramic forming techniques include shaping by hand 

(sometimes including a rotation process called "throwing"), slip 

casting, tape casting (used for making very thin ceramic capacitors, 

e.g.),injection molding, dry pressing, and other variations. Details of these 

processes are described in the two books listed below.[which?] A few methods 

use a hybrid between the two approaches. 

Noncrystalline ceramics[edit] 

Noncrystalline ceramics, being glass, tend to be formed from melts. The 

glass is shaped when either fully molten, by casting, or when in a state of 

toffee-like viscosity, by methods such as blowing into a mold. If later heat 

treatments cause this glass to become partly crystalline, the resulting 

material is known as a glass-ceramic, widely used as cook-top and also as a 

glass composite material for nuclear waste disposal. 

Ceramics in archaeology[edit] 
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Ceramic artifacts have an important role in archaeology for understanding 

the culture, technology and behavior of peoples of the past. They are 

among the most common artifacts to be found at an archaeological site, 

generally in the form of small fragments of broken pottery called sherds. 

Processing of collected sherds can be consistent with two main types of 

analysis: technical and traditional. 

Traditional analysis involves sorting ceramic artifacts, sherds and larger 

fragments into specific types based on style, composition, manufacturing 

and morphology. By creating these typologies it is possible to distinguish 

between different cultural styles, the purpose of the ceramic and 

technological state of the people among other conclusions. In addition, by 

looking at stylistic changes of ceramics over time is it possible to separate 

(seriate) the ceramics into distinct diagnostic groups (assemblages). A 

comparison of ceramic artifacts with known dated assemblages allows for a 

chronological assignment of these pieces.[11] 

The technical approach to ceramic analysis involves a finer examination of 

the composition of ceramic artifacts and sherds to determine the source of 

the material and through this the possible manufacturing site. Key criteria 

are the composition of the clay and the temper used in the manufacture of 

the article under study: temper is a material added to the clay during the 

initial production stage, and it is used to aid the subsequent drying 

process. Types of temper include shell pieces, granite fragments and 

ground sherd pieces called 'grog'. Temper is usually identified by 

microscopic examination of the temper material. Clay identification is 

determined by a process of refiring the ceramic, and assigning a color to it 

using Munsell Soil Color notation. By estimating both the clay and temper 

compositions, and locating a region where both are known to occur, an 

assignment of the material source can be made. From the source 

assignment of the artifact further investigations can be made into the site of 

manufacture. 
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Sintering 

Sintering is the process of compacting and forming a solid mass of 

material by heat[1] and/or pressure[2] without melting it to the point of 

liquefaction. 

Sintering happens naturally in mineral deposits or as a manufacturing 

process used with metals, ceramics, plastics, and other materials. The 

atoms in the materials diffuse across the boundaries of the particles, fusing 

the particles together and creating one solid piece. Because the sintering 

temperature does not have to reach the melting point of the material, 

sintering is often chosen as the shaping process for materials with 

extremely high melting points such as tungsten and molybdenum. The 

study of sintering in metallurgy powder-related processes is known 

as powder metallurgy. An example of sintering can be observed when ice 

cubes in a glass of water adhere to each other, which is driven by the 

temperature difference between the water and the ice.[citation needed]Examples 

of pressure-driven sintering are the compacting of snowfall to a glacier, or 

the forming of a hard snowball by pressing loose snow together. 

Ceramic sintering 

Sintering is part of the firing process used in the manufacture 

of pottery and other ceramic objects. These objects are made from 

substances such 

as glass, alumina, zirconia, silica, magnesia, lime, beryllium oxide, 

and ferric oxide. Some ceramic raw materials have a lower affinity for 

water and a lower plasticity index than clay, requiring organic additives in 

the stages before sintering. The general procedure of creating ceramic 

objects via sintering of powders includes: 

 Mixing water, binder, deflocculant, and unfired ceramic powder to form 

a slurry; 
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 Spray-drying the slurry; 

 Putting the spray dried powder into a mold and pressing it to form a 

green body (an unsintered ceramic item); 

 Heating the green body at low temperature to burn off the binder; 

 Sintering at a high temperature to fuse the ceramic particles together. 

All the characteristic temperatures associated with phase transformation, 

glass transitions, and melting points, occurring during a sinterisation cycle 

of a particular ceramics formulation (i.e., tails and frits) can be easily 

obtained by observing the expansion-temperature curves during optical 

dilatometer thermal analysis. In fact, sinterisation is associated with a 

remarkable shrinkage of the material because glass phases flow once their 

transition temperature is reached, and start consolidating the powdery 

structure and considerably reducing the porosity of the material. 

There are two types of sintering: with pressure (also known as hot 

pressing), and without pressure. Pressureless sintering is possible with 

graded metal-ceramic composites, with a nanoparticle sintering aid and 

bulk molding technology. A variant used for 3D shapes is called hot 

isostatic pressing. 

To allow efficient stacking of product in the furnace during sintering and 

prevent parts sticking together, many manufacturers separate ware using 

ceramic powder separator sheets. These sheets are available in various 

materials such as alumina, zirconia and magnesia. They are additionally 

categorized by fine, medium and coarse particle sizes. By matching the 

material and particle size to the ware being sintered, surface damage and 

contamination can be reduced while maximizing furnace loading. 

Vitrification 
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Vitrification (from Latin vitreum, "glass" via French vitrifier) is the 

transformation of a substance into a glass.[1] In ceramics it is the 

impermeability to water.[2] 

Description 

Vitrification is characteristic for amorphous materials or disordered 

systems and occurs when bonding between elementary particles (atoms, 

molecules, forming blocks) becomes higher than a certain threshold 

value.[3] Thermal fluctuations break the bonds; therefore, the lower the 

temperature, the higher the degree of connectivity. Because of that 

amorphous materials have a characteristic threshold temperature termed 

glass transition temperature (Tg): below Tg amorphous materials are glassy 

whereas above Tg they are molten. 

Usually, it is achieved by rapidly cooling a liquid through the glass 

transition. Certain chemical reactions also result in glasses. An important 

application is the vitrification of an antifreeze-like liquid 

in cryopreservation. 

In a wider sense, the embedding of material in a glassy matrix is also 

called vitrification. An important application is thevitrification of 

radioactive waste to obtain a stable compound that is suitable for ultimate 

disposal. 

In ceramics 

Vitrification is the progressive partial fusion of a clay, or of a body, as a 

result of a firing process. As vitrification proceeds the proportion of glassy 

bond increases and the apparent porosity of the fired product becomes 

progressively lower.[4][5] Vitreous bodies have open porosity, and may be 

either opaque or translucent. In this context 'zero porosity'; may be defined 

as less than 1% water absorption. However, various standard procedures 

define the conditions of water absorption. [6][7][8] An example is by ASTM, 

who state "The term vitreous generally signifies less than 0.5 % absorption. 
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except for floor and wall tile and low-voltage electrical insulators which are 

considered vitreous up to 3 % water absorption."[9] 

Glazing alone does not make pottery impermeable to 

water. Porcelain, bone china and sanitaryware are examples of vitrified 

pottery, and are impermeable even without glaze. Stoneware may be 

vitrified or semi-vitrified, the latter type would not be impermeable 

without glaze.  

Examples 

When sucrose is cooled slowly it results in crystal sugar (or rock candy), 

but when cooled rapidly it can form syrupy cotton candy (candyfloss). In 

the process of vitrification the solid waste is exposed to heat and is 

converted into a sort of glass-like substance. 

Vitrification can also occur when starting with a liquid such as water, 

usually through very rapid cooling or the introduction of agents that 

suppress the formation of ice crystals. This is in contrast to 

ordinary freezing which results in ice crystal formation. Additives used 

in cryobiology or produced naturally by organisms living in polar 

regions are called cryoprotectants. 

Arctic frogs and some other ectotherms naturally 

produce glycerol or glucose in their livers to reduce ice formation. When 

glucose is used as a cryoprotectant by arctic frogs, massive amounts of 

glucose are released at low temperature and a special form 

of insulin allows for this extra glucose to enter the cells. When the frog 

rewarms during spring, the extra glucose must be rapidly eliminated, but 

stored. Arctic insects also use sugars as cryoprotectants. Arctic fish 

use antifreeze proteins, sometimes appended with sugars, as 

cryoprotectants. 

Applications 
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Ordinary soda-lime glass, used in windows and drinking containers, is 

created by the addition of sodium carbonate and lime (calcium oxide) 

to silicon dioxide. Without these additives silicon dioxide will require very 

high temperature to obtain a melt and subsequently (with slow cooling) a 

glass. 

Vitrification is a proven technique in the disposal and long-term storage 

of nuclear waste or other hazardous wastes[13] in a method 

called geomelting. Waste is mixed with glass-forming chemicals in a 

furnace to form molten glass that then solidifies in canisters, thereby 

immobilizing the waste. The final waste form resembles obsidian and is a 

non-leaching, durable material that effectively traps the waste inside. The 

waste can be stored for relatively long periods in this form without concern 

for airor groundwater contamination. Bulk vitrification uses electrodes to 

melt soil and wastes where they lay buried. The hardened waste may then 

be disinterred with less danger of widespread contamination. According to 

the Pacific Northwest National Labs, "Vitrification locks dangerous 

materials into a stable glass form that will last for thousands of years."[14] 

Ethylene glycol is used as automotive antifreeze and propylene glycol has 

been used to reduce ice crystals in ice cream, making it smoother. 

Vitrification in cryopreservation is used as a common method to preserve, 

for example, human egg cells (oocytes) (in oocyte cryopreservation) and 

embryos (in embryo cryopreservation). For years, glycerol has been used 

in cryobiology as a cryoprotectant for blood cells and bull sperm, allowing 

storage at liquid nitrogen temperatures. However, glycerol cannot be used 

to protect whole organs from damage. Instead, many biotechnology 

companies are researching the development of other cryoprotectants more 

suitable for such uses. A successful discovery may eventually make 

possible the bulk cryogenicstorage (or "banking") of transplantable human 

and xenobiotic organs. A substantial step in that direction has already 

occurred. Twenty-First Century Medicine has vitrified a rabbit kidney to -

https://en.wikipedia.org/wiki/Soda-lime_glass
https://en.wikipedia.org/wiki/Glass
https://en.wikipedia.org/wiki/Sodium_carbonate
https://en.wikipedia.org/wiki/Calcium_oxide
https://en.wikipedia.org/wiki/Silicon_dioxide
https://en.wikipedia.org/wiki/Nuclear_waste
https://en.wikipedia.org/wiki/Vitrification#cite_note-13
https://en.wikipedia.org/wiki/Geomelting
https://en.wikipedia.org/wiki/Obsidian
https://en.wikipedia.org/wiki/Leachate
https://en.wikipedia.org/wiki/Air_pollution
https://en.wikipedia.org/wiki/Groundwater
https://en.wikipedia.org/wiki/Radioactive_contamination
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Pacific_Northwest_National_Labs
https://en.wikipedia.org/wiki/Vitrification#cite_note-Waste-14
https://en.wikipedia.org/wiki/Ethylene_glycol
https://en.wikipedia.org/wiki/Antifreeze
https://en.wikipedia.org/wiki/Propylene_glycol
https://en.wikipedia.org/wiki/Ice_cream
https://en.wikipedia.org/wiki/Vitrification_in_cryopreservation
https://en.wikipedia.org/wiki/Oocyte
https://en.wikipedia.org/wiki/Oocyte_cryopreservation
https://en.wikipedia.org/wiki/Embryo_cryopreservation
https://en.wikipedia.org/wiki/Glycerol
https://en.wikipedia.org/wiki/Cryobiology
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Organ_(anatomy)
https://en.wikipedia.org/wiki/Cryogenics
https://en.wikipedia.org/wiki/Organ_transplant
https://en.wikipedia.org/wiki/Xenobiotic
https://en.wikipedia.org/wiki/Twenty-First_Century_Medicine
https://en.wikipedia.org/wiki/Rabbit
https://en.wikipedia.org/wiki/Kidney


135 °C with their proprietary vitrification cocktail. Upon rewarming, the 

kidney was successfully transplanted into a rabbit, with complete 

functionality and viability, able to sustain the rabbit indefinitely as the sole 

functioning kidney.[15] 

Currently, vitrification techniques have only been applied to brains 

(neurovitrification) by Alcor and to the upper body by theCryonics 

Institute, but research is in progress by both organizations to apply 

vitrification to the whole body. 
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