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The history of ceramic colorants is reviewed, from around 1700 BC when iron earths and copper
compounds were used by Egyptian potters, to the latest developments. An outline of the present day
manufacture of ceramic colorants and modern process control procedures is presented. All the major
types of ceramic colorants are described together with details of their development, properties and
uses. ldeas for directions for future research in this area are discussed.

THE EARLY DEVELOPMENT OF CERAMIC
COLORANTS

From 3000 to 1700 BC pictures on the walls of tombs illus-
trated Egyptian potters modelling vases and firing them in
ovens. There was a great demand for colorants that would
stand up to the temperatures used in the ceramic firing
process, and this demand was met initially by the use of
iron earths and copper compounds. The iron earths
produced colorants in the shade area yellow, green and
brown. Copper compounds produced turquoise, blue and
green colorants, and these remained the mainstay of high-
temperature colorants during the early Chinese period up
to about 1200 AD. Later Chinese workers introduced red
cuprous oxide, lead antimony yellow, blue cobalt silicate,
and manganese silicate, which produces a purple-brown
colour.

European development of ceramic colorants was slow
during the period up to 1700, but tin oxide was introduced
to Europe as a white colorant and colloidal gold was
known as a pink colorant for glass and pottery from 1580
onwards. By the early 18th century, colloidal gold, known
as purple of Cassius, was used in the decoration of
porcelain at Meissen in Germany. From 1750 progress was
more rapid as chemistry replaced alchemy and new
materials became available. Chromium oxide came into
use as a green colorant in France in 1802 and was used
with aluminium oxide to produce a pale pink.

In England chromium compounds were calcined with
tin oxide and calcium carbonate to produce a bright
English pink, the well known chrome tin pink of about
1820.

Ceramic manufacturers mostly produced their own
colorants and problems could arise when the colour
maker died and the secret of his special blue or green
colour died with him. Towards the end of the 19th century
a number of trading houses, one of which was Blythe
Colours in England (now known as Johnson Matthey
Colour) began to specialise in the manufacture of ceramic
colorants. In Germany, in 1907, a manganese alumina pink
was developed and, in the 1930s, a tin vanadium yellow
and a tin antimony grey were introduced.

Over the years they gradually improved the strength
and stability and range of colorants, so that by the end of

the Second World War the majority of the world's
temperature-resistant colorants were supplied by
specialist ceramic colorant manufacturers, and in-house
manufacture by pottery makers had virtually ceased.

The most important new group of ceramic colorants,
the zirconia- and zircon-based colorants, were developed
from 1940 to 1960. More recent advances include the
cadmium sulphoselenide zircon-based oranges and reds,
which were introduced into the market in the 1970s.

CERAMIC COLORANT MANUFACTURE

The main processes employed in the manufacture of
ceramic colorants are mixing the raw materials, calcining,
grinding and washing. Dry mixing techniques are used
for mixing oxides with water-soluble compounds. A wet-
mixing technique can be used for compounds that are
insoluble in water. Coprecipitation and spray-drying
techniques are also used with water-soluble compounds
to produce mixtures of carbonates or hydroxides.

After mixing, the material is calcined at a temperature
necessary to bring about a chemical reaction with
subsequent colorant formation, usually in the range 700-
1400°C. The calcined mass is crushed and ground to the
required fineness in the range 1-10 um, depending on the
ceramic application of the colorant. The ground colorant is
then washed to remove any soluble salts and dried.

At Johnson Matthey Colour a rigorous programme of
process control is imposed at all stages of colorant
manufacture. There is an agreed purchasing specification
for raw materials, defining limits on impurities, particle
size and health and safety data. The raw materials are
assessed in ceramic colorant formulations prior to use and
checks at all stages of manufacture are made against
standards. Kiln temperatures and cycles are carefully
monitored and recorded, while products are ground to a
standard particle size distribution and washed to a
standard soluble salt content Finally the finished product
is assessed against a standard and colour measurements
are made.

A wide range of chemical and physical analytical
techniques are used, including atomic absorption
spectroscopy, thermal analysis, X-ray diffraction,
temperature-programmed reduction analysis, instrum-
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ental colour measurement and particle size distribution
measurement, using laser and sedimentation techniques.

RESEARCH AND DEVELOPMENT
Research and development is continually in progress at
Johnson Matthey Colour and the Johnson Matthey
Technology Centre at Sonning Common, Berkshire, to
develop new colorants and processes, and to improve the
properties and processing of existing colorants. New
colorants are assessed for colour, thermal stability and
suitability for use in different ceramic and plastic
applications, e.g, glazes, pottery enamels, glass enamels,
vitreous enamels, plastics and paints. Thermal stability is
assessed by comparing colour in glaze calcined at different
temperatures or refired at the same temperature. The
colours can be measured instrumentally and the colour
difference can be calculated, as a measure of the stability of
the colorant in use.

Ceramic colorants themselves can be classified into
twelve groups, based on their chemical composition.
These groups are described below.

GROUP1-ALUMINA COLORANTS

Cobalt alumina blue is a mixed oxide of cobalt and
aluminium, although the composition may include
lithium, magnesium, titanium or zinc. It is used as an
underglaze colorant and for colouring glass, pottery and
vitreous enamels, and plastics. When chromium is
included in the structure, possibly along with magnesium,
siticon, titanium, zinc or strontium, the resulting blue-
green pigment also has applications for colouring glazes.
Chromium alumina pink is suitable for glazes with high
zin¢ and alumina content.

Manganese alumina pinks were first made in Hungary
and Germany, and were based on manganese nitrate,
alumina and ammonium phosphate. After the First World
War colorants of this type were mainly restricted to the
hard porcelain industry of Eastern Europe. Chemical
analysis has indicated a manganese content in the range
1-5%. These colorants are used for underglaze application
and for colouring ceramic body.

GROUP 2-CADMIUM COLORANTS

Cadmium sulphide is a yellow pigment, although it can
form a solid solution series with cadmium selenide. The
colours available range from range from yellow, through
orange and red to maroon with an increase is the
selenium content of the solid solution. The colours have
excellent absorption coefficients and stability to light,
moisture and weathering. They are used widely for
colouring plastics, inks and paints and can also be used for
low-temperature ceramic application in glass, pottery and
vitreous enamels up to approximately 800°C.

GROUP 3 - GOLD COLORANTS (PINKS
AND MAROONS)

If a solution of stannous chloride is added to a very dilute
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solution of gold chloride, hydrated stannic oxide is
precipitated and the gold is reduced, the reduction
products colouring the precipitate various colours of
brown, purpie or red. The actual colour depends upon the
concentration and composition of the solution.

For the past 300 years, the literature on gold, glass and
ceramics has ascribed to Andreas Cassius the credit for
discovering the purple preparation of colloidal gold and
tin oxide that bears his name. This method is still in use as
the most effective means of producing enamel colours
ranging from pink to maroon. It was actually known and
described more that 25 years before its publication by
Cassius, having already been successfully used to produce
a beautiful ruby glass. The first discovery was probably
made by Johann Rudolph Glauber, a Bavarian chemist, in
1659. Glauber was the first industrial chemist to make a
living from the sale of his medicinal preparations,
including solutions of gold and his famous ‘sal mirabila’,
sodium sulphate, which became known as Glauber s salt.

The purple of Cassius gold colours are nowadays used
for low-temperature ceramic application in glass, pottery
and vitreous enamels up to approximately 800°C.

GROUP 4-LEAD COLORANTS

The lead antimony yellow known as Naples yellow was
used in the 7th to 8th century for colouring Persian
earthenware, but the first recorded specification for the
preparation of this colorant was written by Picoalpani in
1548. The most common variant is lead antimonate yellow,
used for colouring glass and pottery enamels, and ceramic
glazes.

GROUP 5 - SINGLE INORGANIC OXIDES

The most common types are chromium oxide (green),
ferric oxide (red-brown) and hydrated ferric oxides
(vellow). They are used for low-temperature applications,
glass and pottery enamels, cement, concrete and plastics.
Iron oxides are also used for colouring house bricks.

GROUP 6 - SILICA COLORANTS

Victoria green is a garnet silicate containing calcium and
chromium, used mainly for colouring ceramic glazes.
Cobalt silica blue has an olivine structure, and its
composition may include aluminium or calcium as a
modifier. The addition of zinc produces a lighter blue
shade, while the presence of phosphorus changes the
shade from deep blue to a violet-blue shade. Cobalt
compounds have been used to colour both glass and
pottery with an intense blue for over 4000 years, yet it was
not until 1733 that Kenning Brandt isolated the element
cobalt and proved that it was the source of the blue silicate
coloration.

Nickel silicate green also has an olivine structure and is
mainly used for colouring clay bodies.

GROUP 7-TIN COLORANTS

Antimony tin grey (cassiterite) is a mixed oxide of tin and



antimony. Cations with a charge greater than four, such as
antimony (five), can be easily accommodated in the tin
oxide lattice because it can compensate for the excess
positive charges by changing a corresponding number of
stannic ions into stannous ions. The antimony-tin system
produces a range of greys and blue-greys that are widely
used for all applications requiring neutral colours in glazes
fired at temperatures up to about 1300°C.

Chromium tin pinks and maroons may include boron
or lead as a modifier. Pink ceramic colorants, which owe
their colours to chromium ions, have been used for many
years. Tin oxide and calcium stannate crystals become
pink when Cr®* ions are introduced. These pigments have
a complex chemical composition, containing calcium
stannate and variable amounts of silica. Chrome tin pinks
give excellent results in most types of low-zinc or zinc-free
glazes, which are fired in an oxidising atmosphere at
temperatures up to 1250°C, producing a range of colours
from pink to maroon.

Vanadium tin yellows were developed in the 1930s.
They are based on tin oxide calcined with vanadium
pentoxide to produce yellow colorants. The tin oxide
lattice is more ‘flexible’ than the zirconium silicate lattice
because tin oxide can change its valency, but tetravalent
zirconium and silicon ions cannot. The vanadium tin
yellow colorant is a solid solution of vanadium and tin
oxides in which three stannic ions are replaced by two
vanadium ions and one silicon ion.

The stability of the vanadium tin yellow cclorants to
high temperatures makes them suitable for use in glazes to
be fired in oxidising atmospheres up to 1350°C.

GROUP 8 - TITANIA COLORANTS

A nickel antimony titania pigment consists of a solid
solution of nickel and antimony oxides, occupying regular
lattice positions in a rutile lattice. The yellow coloration
caused by light absorption in the blue and red regions of
the spectrum is associated with the nickel ion in an
octahedral oxygen environment.

If calcination takes place in an oxygen-free atmosphere,
only small amounts of nickel and antimony can go into
solid solution by a crystal defect mechanism. The overall
electrical neutrality in mixed rutile crystals is achieved by
variation of the Sb**/Sb°* ratio, depending on the amount
of nickel present.

The mechanism of colour formation in the chromium
antimony titania orange system is based on the insertion
of Cr3* into the host titania lattice in the presence of a
charge-compensating Sb>* ion. The chromium ion as-
sumes octahedral symmetry and is responsible for the
orange shade. The hue of the orange pigment is
dependent on the ratio of chromium to antimony.
Equimolecular proportions produce an orange coloration,
and increasing the chromium content gives redder
colours. Increasing the antimony content yields yellower
shades. The intensity of the colour is dependent on the
ratio of chromium and antimony to titania.

Cobalt nickel zinc titania green is the most recent

addition to the titania-based family of pigments. It is a
bright green based on the cobalt-nickel-zinc-titanium
system. Previously chromium oxide had been used for
colouring plastics, but was not completely satisfactory
because it was lacking in a bright green tone. Other
inorganic or organic greens do not possess adequate
thermal stability and weather resistance. The cobalt nickel
zinc titania bright green colorant has good thermal
stability, light fastness and weather resistance.

Titania-based colorants are not stable at high
temperatures, starting to decompose when the
temperature rises above 1000°C. They are therefore not
suitable for glazes, but are used for colouring pottery, glass
and vitreous enamels. and for all types of plastics and
paints.

GROUP 9 - MIXED TRANSITION METAL
OXIDE COLORANTS

This group includes colorants that give mainly black,
brown and other dark colours. They are mixed oxides of
metals such as copper, iron, cobalt, chromium and nickel,
with a wide range of uses, such as the coloration of glazes
and plastics.

GROUP 10 - ZINC COLORANTS

Zinc ferrite browns, often called ‘ferrites’, are compounds
that can be considered as salts of the hypothetical acid
H,Fe,0y, also containing zine, manganese, iron, cobalt,
nickel, cadmium or copper. Ferrites of all these ions share
one characteristic: they all crystallise in the cubic system
and are called ‘spinels’. In the true spinel (magnesium
aluminate) the magnesium ions are in the tetrahedral
positions and the aluminium ions are in the octahedral
positions. This is called a ‘normal spinel’. Zinc ferrite and
cadmium ferrite are normal spinels. However, there is
another type of ionic distribution in spinels, the trivaient
ions (Fe** in ferrites) being in the tetrahedral positions
and the octahedral positions being occupied by divalent
ions (for instance Ni**) and the remainder of the Fe**
ions. This kind of structure is called an ‘inverse spinel’, in
which group all ferrites other than zinc and cadmium
belong. They are mainly used for colouring plastics.

Zin¢ iron chromium alumina brown spinels offer a
wide range of brown shades ranging from golden brown
through red-brown to dark brown. These colorants have a
very wide application in glazes, pottery, glass, vitreous
enamels and plastics.

GROUP 11 - ZIRCONIA YELLOWS AND
ORANGES

Zirconia- and zircon-based ceramic colorants (group 12)
are the most important groups of ceramic colorants,
accounting for over 50% of world production. At room
temperature the stable crystalline phase of zirconia is
monoclinic, with a specific gravity of 5.6. Above
approximately 1200°C zirconia transforms to the
tetragonal phase with an associated density change to 6.1,
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ie. the lattice contracts. On further heating to 2370°C
tetragonal zirconia transforms to the cubic phase and the
density decreases to 5.8, i.e. the lattice expands. The
melting point of zirconia is 2600°C, and on cooling the
reverse changes occur.

In 1948 it was discovered that zirconia could be made
the carrier of minute particles of vanadium pentoxide, and
that the resultant stain imparted a yellow coloration to a
glaze. The patent claimed a method of making a yellow
ceramic colorant, which comprises an intimate mixture of
zirconia (80-99% by wt) and ammonium metavanadate
(1-20% by weight). The mixture is calcined at a
temperature of 1400°C. Later it was found that a stronger
yellow could be produced from vanadium zirconia
colorants by incorporating a small amount of indium
oxide into the mixture prior to calcination.

Electron microscope and X-ray studies have shown that
conversion of the zirconia from the monoclinic to the
tetragonal form plays an important role in colour
formation, and enables vanadium ions to enter the newly
formed tetragonal zirconia lattice. In solid solution with
zirconia, vanadium can enter the lattice in different
valence states, and two Zr** ions can be replaced by the
coupled V**/V5* jon. The V3* jons are yellow and the V3+
ions green, hence the resulting stain should be a greenish-
yellow, which is observed in practice.

The use of colourless foreign ions in addition to
vanadium makes it possible to modify the zirconia
vanadium yellow from a greenish-yellow to an orange-
yellow. A colourless trivalent ion with a suitable ionic
radius can be introduced which minimises or eliminates
the formation of V3* ions. For example, in the presence of
gallium, indium or yttrium, zirconia accepts only V°>* ions.
Hence the formation of V3* ions is suppressed and a pure
orange-yellow is obtained.

The vanadium zirconia range of ceramic colorants are
stable in most types of glazes and ceramic bodies for
calcination at temperatures up to 1350°C. They are also
suitable for blending with all other types of ceramic
colorants.

GROUP 12 - ZIRCON COLORANTS

Perhaps the greatest step forward in the development of
ceramic colorants came with the discovery in the early
1940s in the USA that zirconia and silica could be calcined
in the presence of vanadium to produce zirconium silicate,
which is coloured blue. In the early 1950s it was
discovered that praseodymium acted in a similar way to
produce a bright yellow zirconium silicate. Further
development work led to an iron zirconium silicate coral
colorant, while the latest development, the cadmium
sulphoselenide encapsulated zircon oranges and reds,
were introduced into the ceramic industry in the mid-
1970s.

The three zircon-based ceramic colorants (vanadium
zircon blue, praseodymium zircon yellow and iron zircon
coral) are market leaders in high-temperature applications
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owing to their intensity of colour and brightness, and
stability up to 1350°C in all types of glazes. By cross-mixing
the three types a wide range of high-temperature-stable
colours can be obtained.

Vanadium zircon blue is probably the best known
ceramic colorant. The potential of zirconium silicate as a
host lattice for use in ceramics was first recognised by
Seabright who obtained a blue ceramic colorant based on
vanadium in a zirconium silicate lattice. The Seabright
patent claimed a process for producing blue ceramic
colorants by calcining a mixture of zirconia, silica, a
vanadium compound and an alkali metal compound,
lithium, sodium or potassium. The calcination range was
550-1200°C.

The vanadium zircon blue colorant consists essentially
of zirconium silicate, but the relationship between the
strength and zircon content is extremely complex. The
presence of alkali metal and alkaline earth metal halides,
particularly sodium fluoride, in the reaction mixture
promotes colour formation, which is dependent upon a
large number of physical as well as chemical variables,
such as the proportions of vanadium pentoxide and
sodium fluoride, the purity of the reactants used
(particularly that of the zirconia), the particle size and
distribution of reactants, the initial degree of compaction
of the reactants and the atmosphere prevailing during the
reaction.

The strength of the vanadium zircon blue is dependent
on the amount of vanadium that it is possible to put into
the zircon lattice. This in turn depends on the mineraliser
component or components used in the calcination
mixture. A mineraliser is an alkali metal or alkaline earth
metal halide which promotes zircon formation. A number
of patents have claimed improvements from the addition
of other mineraliser compounds. Seabright claimed
improvements using a sodium fluoride—sodium chloride
mixture. It has been found that, by using a combination of
an alkali metal halide and an alkaline earth halide, blue
colours of increased strength can be obtained. Especially
suitable is a combination of barium fluoride and sodium
chloride.

The need for a clean, bright yellow led to the
development of the praseodymium zircon yellow in the
late 1950s, made possible by progress in rare earth
chemistry over the period 195060 when it became
possible to market a praseodymium oxide of reasonable
purity. Zircon yellows were then produced from mixtures
of rare earths which contained some praseodymium. Four
years later, in 1956, praseodymium zircon yellows were
obtained using sodium chloride and sodium molybdate as
mineralisers. This study was the first to show that a clean
yellow could only be produced from a praseodymium
oxide free from other rare earth impurities. Lanthanum
and cerium tend to produce a paler colour, while
neodymium tends to change the colour tone through an
absorption band at 580 nm.

The addition of cerium oxide produces an orange shade
and the use of lead compounds as mineralisers in place of



alkali metal halides is claimed to produce more intense
colours. The addition of ammonium nitrate to the alkali
metal halide mineraliser system is also said to produce
stronger colours.

The praseodymium zircon yellow is brighter and
cleaner than other high-temperature ceramic yellow
colorants. It is less red than vanadium tin yellow and less
brown than vanadium zirconia orange. It also has superior
temperature stability than either cadmium vellow or lead
antimony yellow.

A patent was published in 1965 by the Harshaw
Chemical Company relating to a high-temperature-stable
iron zircon coral ceramic colorant. This had a distinct
advantage over chromium alumina pink, which has a
metameric spectral reflectance curve, with a peak in the
green region and one in the red, giving the pigment a
different appearance under different light sources.

The iron zircon coral was produced by calcining
equimolar proportions of zirconia and silica together with
an iron compound and a mineraliser at 1000-1100°C. The
zirconia should have a particle size distribution of 1-6 pm,
and the silica should have particles finer than about 325
mesh. Zirconia containing up to 1% calcium oxide was
also recommended. Goldschmidt later found that if
sufficient water is used to dampen the pre-calcination mix
and if large quantities of sodium fluoride are used
together with another halide and an alkali metal nitrate,
then the particle size of the zirconia and silica is no longer
significant. Harshaw also found that iron zircon corals
could be made “cleaner’ by acid treatment.

Recent research work undertaken by Johnson Matthey
using electron spin resonance and Mossbauer
spectroscopic techniques has indicated that ferric ions are
present in both the substitutional and interstitial sites in
the zircon lattice, and that the ratio of substitutional to
interstitial sites determines the coral shade.

Before 1975 glaze-stable oranges and reds in the
temperature range 1000-1350°C were unknown. Degussa
combined the thermal stability of zircon with the less
thermally stable cadmium-selenium—sulphur system to
produce a range of glaze-stable colours from yellow
through orange to red. The colorants are produced by
surrounding the cadmium sulphoselenide crystals with
zircon crystals during zircon formation.

The conventional zircon-based colorants suffer from
the major disadvantage that it is necessary to a high
degree of purity. Consequently an expensive grade of
zirconia is required for production of ceramic colorants
with maximum intensity. Zirconia is expensive because of
the processing necessary to separate it from the mineral
zircon sand in a form suitable for use in colorant
manufacture.

New processes have therefore been developed to

produce zircon-based colorants directly from zircon sand,
which is the cheapest and most freely available zirconium
compound. These processes make use of the equimolar
proportions of zirconia and silica that are chemically
bound in zircon, leading to very intense colours.

The first stage is to calcine zircon with an alkali to form
an alkaline silicozirconate compound, which can then be
decomposed using an acid to form a zirconia-silica
mixture. A chromophore compound and mineralisers are
then added and the mixture is calcined to produce a
zircon-based ceramic colorant. This type of process has
been used to produce all three basic types of the zircon
colorants.

FUTURE RESEARCH AND DEVELOPMENT

Extensions of the range of zirconia and zircon ceramic
colorants and the use of alternative host lattices may be
possible. Unstable colorants can be stabilised by
encapsulation. Workers at British Ceramic Research have
demonstrated the feasibility of encapsulating carbon black
using zircon. They have also produced more intense
cadmium sulphoselenide zircon inclusion colours using a
precipitation process, and more stable gold pinks, chrome
yellows, cobalt blues and copper colorants using zircon as
an encapsulant.

Improvements in the processes that control the
physical properties of colorants is a possible area for
progress. Improvements in optical properties can be
predicted from tight control of mean particle size and
particle size distribution of colorants. The concept of
colloidal colorants, such as purple of Cassius, could be
extended by applying it to metal oxides and inorganic
laked pigments. It is doubtful if any base metal colloids
could be made sufficiently heat-stable for ceramic use, but
copper is a possibility, and colloids are often more stable in
glass than in ordinary liquids.

We can learn from the outstanding properties of the
cadmium sulphoselenide colorants. Why are they so
bright and intense? Little research and development work
has been undertaken on exploring other sulphide,
selenide and telluride compounds, but the periodic table
suggests these compounds have potential for
investigation.

Most crystalline materials are capable of structural
modification to vary their absorption characteristics to the
energy in the visible part of the electromagnetic spectrum.
It is one thing, however, to obtain a colour of indifferent
hue absorbing across most of the spectrum, but quite
another to achieve anything like the precise absorption in
narrow bands that will ensure clean, bright, primary
colours with good additive values. For these we must
await further advances and understanding in the colour
physics of materials.
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