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PREFACE

Inorganic pigments have been widely used for a large variety of industrial
applications such as in ceramic tiles, inks, plastics, glasses etc. Among the primary
colored pigments, blue and green colored quality materials are relatively rare.
Currently used inorganic blue pigments are cobalt blue (CoAl204), ultramarine blue
(Na7AleSi6024S3) and Prussian blue, (Fe4[Fe(CN)e]3) etc. Ultramarine blue and azurite
are sensitive to acid, while Prussian blue possesses poor alkali stability. Raising cost
and toxicity make a pressing need to reduce the consumption of cobalt in the ceramic
industry. Recently a blue inorganic pigment, YIni1-«Mnx0O3, based on hexagonal YInOs
was reported. The blue color of the oxides arises from the specific trigonal
bipyramidal ligand field around Mn!' in a YInO3 host. However, a few host structures

having a Mn3* ion in their geometry have been found so far.

Conventional industrial green pigments such as chrome oxide green (Cr203),
cobalt green (Co0-Zn0), and cobalt titanate green spinel (Co2TiO4) have serious
problems from a practical viewpoint. Cr203 contains toxic Cr, and Co0O-ZnO and
Co2TiO4 are less than perfect in green color. Apart from this, high infrared reflective
pigments are now in great demand for usage in coatings, cement pavements,
automotive and camouflage applications. The main objective of the present research
work is to develop alternatives to the existing blue and green inorganic pigments that

are more sustainable and commercially viable for potential applications.

The present thesis is organized into six chapters. Introduction chapter details
inorganic pigments and their areas of interest, basic concepts of color, color theories.
Along with a brief literature review, an emphasis is given on the research efforts in
Cobalt(Il) and Manganese(Ill) based blue pigments and Copper(Il) based green
pigments. Main objectives of the current work are highlighted and the motivation and

importance of choosing this area are stressed.

With the aim of reducing the consumption of cobalt in the ceramic industry
and improve efficiency and sustainability of pigments, we developed Mg1-xCoxWO04
based blue pigments are described in chapter two. It was observed that increasing
the amount of cobalt induces a change in the local symmetry of MgOs octahedra

witnessed by change of the metal-ligand bond distances. The observations suggested

xxiil



that structural distortions, which were dependent on the ionic radii and
electronegativity difference between the dopant and host cations. The synthesized
pigments show intense blue color than CoAl204 with a very low doping concentration

of cobalt with b* value of -46.7.

The third chapter correlates the synthesis of a novel blue inorganic pigment
with the introduction of Mn3* in the trigonal bipyramidal site of the host lattice
LaGaGez07. In the host lattice of monoclinic LaGaGe207 substitution of Mn3* changes
the color from white to blue. This absorption arises due to the d-d transition taking
place from the crystal field splitting of Mn3* in the trigonal bipyramidal site. Mn-0
apical bond lengths play a key role in the d-d component of transition. The developed

pigments are environmentally benign.

In the chapters, four and five we attempt to improve the optical properties of
Cu based green colored In2Cu20s and blue-green colored La2CuGe20s. We tried to
enhance the optical properties through distortion and modifications of the crystal
field environment around the transition metal ion. With a view to distorting the
crystal field around the Cu2+* ion, we modified the polarizability around the Cu2+* ion
through the introduction of Sc3* and Zn?* ions in the divalent and trivalent site of the
host lattice. The trend in the optical properties with respect to Zn2+ and Sc3* doping
was analyzed and the thermal and chemical stability were well studied which are
discussed in chapter five. The synthesized pigments possess more color and

reflectance than conventional and commercially available Cr203 green pigment.

In chapter five, we described the enhanced pigmentary properties of blue-
green La2CuGe20s. Optical properties of the synthesized samples are enhanced with
the doping of monovalent (Li*) in the Cu?* site. The polarizability of oxygen ion of Cu-
0/Li-0 bonds in the solid solutions tunes the crystal field strength around Cu?+* ion
such that intense blue-green color results for materials with small doping
concentration. Application study of selected pigments to evaluate their coloring
performance as well as IR reflectance to various substrates like PMMA, concrete slab

and the metal plate were also discussed in this chapter.

Conclusions drawn from the studies on the optical properties of these
synthesized inorganic pigments and gives the scope for further studies are presented
in chapter six. These developed pigments demonstrate thermally and chemically

Xxiv



stable, weather resistant and cost effective which make them suitable for various
surface coating applications. We expect that our results will lead to the development
of many environmentally benign and highly stable inorganic pigments from the

derivatives of the investigated systems.
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INTRODUCTION

Color plays an increasingly important role in daily life. We all like a bit of color
in our life, man has been using paints to give us this touch of color ever since the days of
cave paintings. Nowadays paints and dyes are used for everything from home
appliances to homes themselves. In keeping with its status as one of the leading visual
arts, painting is heavily dependent upon the use of color for its impact, mood and depth.
Color is introduced into these materials and applications using substances are known
as pigments. Synthesis and development of new colored inorganic pigments are the hot
topic in the present scenario. This chapter includes the general introduction about

colorants, color theory, application and the recent development in this field.
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Chapter 1

1.1 Colorants

Colorants are materials that alone or in combination with other elements,
impart or change the color of the product. The visual perception of color occurs
primarily by the absorption or reflection of visible light by the product and
corresponds to humans seeing red, yellow, blue, green, black, etc. Colorants are used
in many industries to color clothes, paints, plastics, photographs, prints, and
ceramics. They are also now being used in novel applications and are termed
functional as they are not just included in the product for aesthetic reasons. Colorants
can be either dyes or pigments. The important characteristic that distinguishes both
pigment and dye is their solubility. Dyes are soluble colored organic compounds that
are usually applied to textiles from a solution in water. On the other hand, pigments
are the colorants composed of particles that are insoluble in the medium in which
they are applied [1]. Dyes have a stronger affinity for the medium to which they are
being applied [2]. In application process dyes temporarily destroys the crystal
structure by absorption, solution and mechanical retention or by ionic or covalent
chemical bonds [3]. Dyes provide brighter color than conventional pigments, but they
are less light stable and less permanent [4]. They provide color to the medium simply
by mechanical dispersion. The word pigment used for denoting the color of a material
and it originated from the Latin word pigmentum [5]. In the late middle ages, the
word used by all kinds of vegetable and plant extracts used for coloring. The modern
meaning of pigment originated in this century. They alter an appearance by selective
absorption or by scattering of light [6]. In contrast to dyes, whose coloristic
properties are almost exclusively defined by their chemical structure, the properties
of pigments also depend on the physical characteristics of its particles [7]. Today
there are lots of pigments available in the market. After the development of synthetic
pigments, there has evolved different classes of pigments that are suited to particular
types of applications. Both dyes and pigments fall into the colorant family of chemical
compounds. With this classification, for the deep understanding of the colorant
family, we can classify the two primary types of pigments which are organic and
inorganic. If a pigment is a preferred colorant for a certain application, both organic

and inorganic pigments may be presented as options.
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1.2 Organic Pigments

They are not usually found in nature. That is the reason that a majority of these
pigments is chemically synthesized. Carbon chains or carbon rings are always present
in the molecules of the organic pigments. The atoms of nitrogen and sulphur atoms
are also found along with the carbon atoms. Organic pigments with comparatively
low levels of toxicity, not providing any major environmental issue. Coal tar and
petroleum distillates are used as the raw materials and transformed them into
insoluble precipitates. Traditionally organic pigments are used as mass colorants.
They are popular in plastics, synthetic fibers and as surface coatings paints and inks.
Nowadays, the organic pigments are used for industrial applications that comprise
photo-reprographics, optoelectronic displays, and optical data storage. Examples:

Azo, Phthalocyanine, diazo and anthraquinone pigments.
1.3 Inorganic Pigments

An inorganic pigment is a colored or hue less colorant insoluble in solvents
and binders. Inorganic pigments are mainly obtained from naturally occurring
mineral sources or minerals, which have been obtained synthetically. These raw
materials are mainly oxides, sulphides of one or more than one metals. These
pigments obtain their extraordinary properties through a combination of special
manufacturing processes. The preparation process is simple and consists of the steps
of washing, drying, pulverizing and mixing into a formulation. Inorganic pigments are
composed of transition metals surrounded by ligands, mainly oxides of crystalline or
semi-crystalline repeating units of the crystal lattice structure. The d-orbital of the
metal ions is responsible for the properties of inorganic pigment, including color,
reactivity, strength and weatherability. The way in which the d-orbital of the metal
ion interacts with the various ligands to which it is bonded also affects the pigment
properties. A few of these heavy metal pigments are no longer in use because new
environmental laws are very strict about toxic. Lead oxide, cobalt blue, and nickel

titanate are some of the examples.
1.4 History of Inorganic Pigments

Natural inorganic pigments have been known from the prehistoric times. The
first colorant used by peoples of southern France, northern Spain, and northern

Africa for the cave paintings are made with charcoal, manganese brown and clays.
4
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Arsenic sulfide and lead, antimony is the first yellow pigments they are generally
known as Naples yellow. Ultramarine (Lapis Lazuli), Egyptian blue and cobalt
aluminate was the first blue pigments. The first green pigments are terra verte,
malachite and synthetically prepared copper hydroxyl chloride. Inorganic pigments
are divided into two subtype’s natural and synthetic inorganic pigments. Red earth
is the most diverse kind of inorganic pigment. The color varies from dull yellow to
dull deep yellow or from dull orange to dull red or from dull dark brown to dark
brown. Red iron oxides were found in all parts of the world and have been used as
pigments since the prehistoric time. Natural manganese ores are added to red earth
to create darker red, violet or black colors in pottery clays or glazes. Yellow earth is a
natural earth containing silica and clay and they are found around the world and have
been used as pigments since prehistory. These pigments are present in the hydrous
form of iron oxide and also contain gypsum or manganese carbonate. Green earth has
been used around the world since prehistoric times, which is completely lightfast and
chemically inert. A complex rock mixture of the deep blue mineral lazurite (natural
ultramarine) is the most complex mineral pigment. This is found in China, Tibet, and
Central Asia, and used in jewelry, and painting in ancient Babylonian and Egyptian
cultures. It was used as a very expensive reddish blue pigment in medieval
manuscripts and art. The pigment is decomposed by acids, but is otherwise very
permanent. Azurite is a natural inorganic pigment used for a very long period. These
pigments are of copper carbonates having greenish blue shade. But often these
pigments have been replaced by synthetic pigments or employed to paint the
ultramarine as underpaintings. The ancient Egyptians used the green form of hydrous
copper carbonate, called malachite green as a green pigment. In malachite green, the
color is not permanent and it is significantly lightening and shifts toward blue as
particle size decreases. Synthetic inorganic pigments are prepared in the laboratory
and it is available in the pure form. Synthetic pigments consist of compounds like

manganese violet, cobalt blue etc.
1.5 Classification of Inorganic Pigments

Inorganic pigments can be categorized on the basis of their chemical structure,
optical properties, or technological properties. The classification is given in table 1.1

based on coloristic and chemical considerations.
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Table 1.1 Classification of inorganic pigments

White pigments the optical effect is caused by nonselective light

scattering (eg: titanium dioxide and zinc white)

Colored pigments the optical effect is caused by selective light absorption
and also to a large extent by selective light scattering

(eg: iron oxide red pigments, ultramarine pigments)

Black pigments the optical effect is caused by nonselective light

absorption (eg: carbon black, iron oxide black)

Effect pigments the optical effect is caused by regular reflection or
interference
Metal effect pigments regular reflection takes place on mainly flat and

parallel metallic pigment particles (eg: aluminum

flakes)

Pearl luster pigments regular reflection takes place on highly refractive
parallel pigment platelets (eg : titanium dioxide on

mica)

Interference pigments the optical effect of colored luster pigments is caused
wholly or mainly by the phenomenon(eg: iron oxide on

mica)

Luminescent pigments the optical effect is caused by the capacity to absorb

radiation and to emit it as light of a longer wavelength

Fluorescent pigments the light of longer wavelength is emitted after
excitation without a delay (eg: silver-doped zinc

sulfide)

Phosphorescent pigments the light of longer wavelength is emitted within several

hours after excitation (eg: copper-doped zinc sulfide)

1.6 Advantages of Inorganic Pigments

Inorganic pigments are considered superior to their organic counterparts.
They can resist the effect of sunlight and chemical exposure in a better way. They
have good opacity and thus these can protect other substances by preventing the

light. These pigments also enhance rash inhibition, abrasion resistance and rigidity
6
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to the molecules. The costs of production of inorganic pigments are lower than that
of organic pigments. Inorganic pigments are now highly engineered particles that
impart color to the objects in which they are applied. While inorganic pigments are
still used in applications, such as paints, ceramics, and cement etc. Their resistance
to the effects of radiation, temperature, and chemical attack has also led to use in high
technology applications, such as fibers, engineering plastics, and highly durable
coatings applied to roofing panels and even space equipment. The basic technology
for making inorganic pigments is hundreds or thousands of years old. Pigment
production may be considered to be 30000 years old, with the evidence being the
splendid cave paintings found in France and Spain. Pigment technology has evolved,
and within each pigment chemistry, the most cost efficient pigment in terms of

particle size, crystal structure, or composition is used to provide the desired color.

For exterior or high heat coatings applications physical and spectral features
of pigments have an important consideration. Heat and chemical stability, UV opacity,
hiding power and IR reflectivity are important aspects in such coatings. Complex
inorganic color pigments (CICPs) provide enhanced performance in these key areas.
These pigments are stable and chemically inert. They can withstand the chemically
aggressive environments and they will remain colorfast in the presence of strong
acids, bases, oxidizing or reducing agents or other air pollutants common in
industrialized areas. They are non-migratory, and will not dissolve or bleed in contact

with solvents.

In addition to excellent chemical stability, they possess excellent heat stability
also. They are prepared at very high temperatures in a process called calcination.
Metal oxides or oxide precursors are mixed together and then heated usually at high
temperatures. At the calcining temperature metal and oxygen ions in the solids
rearrange to a new more stable structure forming the CICPs. CICPs are ideal for high
heat coatings, such as muffler and stove coatings, fireplace paint, and high-heat
powder coatings because of their inherent heat stability. Inorganic pigments are

exclusively used for porcelain enamel and decorative ceramic coatings.

In external coatings, UV protection is important and they offer superior light
fastness when used in outdoor coatings. CICPs are resistant to all forms of UV

radiation and they absorb incident UV radiations and convert their energy to a more

7
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benign form. Because of their small particle size and high refractive index, they will
efficiently backscatter a significant amount of UV light away from a coating surface.
This will make them act as very good UV opacifiers. Both absorption and scattering
of UV light by CICPs acts to keep this hazardous radiation from entering and
degrading a coating’s resin matrix. High tinting strength and opacity allows coatings
formulators to decrease the quantity of pigment needed to give equivalent color. The
new higher opacity CICPs are a much better value. Another area where CICPs aid in

exterior coatings is in the reflection of IR or heat radiation.

Among the advantages of inorganic pigments is not only the cost because
generally has excellent chemical resistance and weathering. This feature offers
advantages to the coatings industry, such as low viscosity and improved dispersibility
because of mechanization, which favors the reduction of energy consumption in the
manufacturing processes. Their incomparable chemical and heat stability, good
hiding power, UV opacity, and IR reflective properties make them ideal for these

demanding applications.
1.7 IR Reflecting Pigments

Solar energy plays an important role in economic growth around the world.
Light energy that arrives at the earth’s surface, typically ranges from 300 to 2500 nm.
Pigments are colored compounds that are responsible to give color to objects by
selective absorption of light and reflect the remainder corresponding to its color.
Apart from the visible region, pigments also interact with the other wavelength of
light in the electromagnetic spectrum [8]. Nearly 5% of the sun’s energy that reaches
the Earth’s surface is in the ultraviolet region (UV) (300 - 400 nm). Absorption of
these UV radiations causes the photodegradation of organic materials including
organic coatings. Around 50% of the sun’s energy occurs in the visible region of the
electromagnetic spectrum. The human eye is sensitive to the wavelength range from
400 to 700 nm in the electromagnetic spectrum. Thus, the visible region consists of
wavelengths that give us the perception of color. Some 45% of the total sun’s energy
occurs in the infrared region (IR) whose wavelength ranges from 700 to 2500 nm

[Figure 1.1]. Heat is a direct effect of either visible or infrared radiation incident on
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an object. The heat-producing region of the infrared radiation ranges from 700 to

1100 nm [9].
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Figure 1.1 Representation of solar energy distribution.

The main purpose of IR-reflective pigments is to keep objects cooler than they
would be using conventional inorganic pigments. Normally we use white paints, they
reflect NIR radiations effectively, but are less useful and suitable in big cities. TiOz is
the most employed white pigment in the formulation of paints, which reflect visible
and IR radiation very well. To avoid the monotonic effect that a totally white city
could produce, there are colored paints on the market, but the normal pigments used
in these paints have low NIR reflection. Each pigment has distinct IR-reflective

properties.

Infrared reflective inorganic pigments are color pigments made of inorganic
complexes, and it can be produced by the calculations of a mixture of oxides, nitrates,
acetates and even metal oxide at temperatures above 1000°C. They reflect the
wavelengths in the infrared region besides selectively reflecting some visible light.
The particle size of pigments plays an important role in the NIR reflectance. Pigments
possessing smaller particles or nanoparticles significantly improve the reflective
properties. For roof and building, IR reflective pigments are usually used because of
their excellent weatherability. Certain grades also have the capability to maximize

9
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reflectivity in the near infrared region. These IR-reflective pigments s are widely used
as formulators make an effort to produce dark coatings and minimize heat buildup in

the underneath structure [Figure 1.2].

NIR-radiation

reflection emitted heat

Interior
heat-flow

Figure 1.2 Interaction of NIR radiation with a pigmented surface.

In urban areas, the design of roofs also affects the heat absorption of sunlight.
These hot buildings emit heat and warm the air in the surroundings. If there are
numerous such buildings in the surrounding area, the combined effect leads to a
phenomenon known as ‘Urban Heat Island Effect’. The quantity of heat radiated in
the surroundings varies depending on the roof construction, type, elevation and also

the color of the coating used.

A roof with high solar reflectance and high thermal emittance remains cool in
the sun, reducing demand for cooling power in air-conditioned buildings and
tolerable for people to work and live in them. To reduce the growing demand for
energy consumption for air conditioning, there is a need for cool roofs. Increasing the
solar reflectance lowers the amount of energy absorbed by the building. In turn, this
decreases the heat penetrating into the building, especially during summer, resulting
in more comfortable thermal conditions if the building is not air-conditioned [10, 11].
Pigment industry has realized the potential of these pigments and the cool-colored

paints can be employed as an alternative.

10
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1.8 Basic Concepts of Color

The Color is a sensation that gives excitement and emotion to our lives. Color
vision is based on a variety of physical-chemical and physiological and psychological
process. Color comes from an interaction between light, object, and the observer.
Wavelength lies in the 400 - 700 nm region of the electromagnetic spectrum is visible
to the human. Materials can be absorbed light completely or partially. The portion of
the unabsorbed light can still be reflected at the surface of the object or transmitted
through them. Which color is perceived depends on the composition of wavelengths
in the light. If the sensors detect all visible wavelengths at once, the perceived color
is white. If the object fully absorbs all wavelengths of the light, the brain perceives
black. In colorants, the physical concepts of light absorption and reflection are
essential for understanding the correlation between chemical structure and light
absorption. Chromatic colors are produced when the object selectively absorbs or
reflects the light of a particular wavelength. This will lead to the formation of
absorption bands with typical maxima and minima in the absorption spectrum. If an
object absorbs light in the 400 - 430 nm regions, the new reflected light spectrum that

is the complement of the absorbed light creates the appearance of a color.

Table 1.2 Relationship between color and wavelength of monochromatic light.

Wavelength Absorbed Light Complementary Color

700 nm
Red Green

600 nm

Orange-red Blue-Green

Saeinm Violet

S30 nm Rt Red-violet
500 nm Green RL‘d
450 nm Blue Orange

. Yellow
400 nm Violet

11
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1.9 Color Systems

In our basic color wheel, there are three primary colors of light; red, green,
and blue. Those can then be mixed into the three secondary colors of light; yellow,
magenta and cyan. The full range of possible colors can be obtained by varying the
amount of each color, or mixing in slight amounts of the third primary color. Available
color systems are dependent on the medium with which a designer is working. While
painting, an artist has used a variety of paints and mixed colors are attained through
the subtractive color method. When a designer is utilizing the computer to generate

digital media, colors are achieved with the additive color method.

1.9.1 CMY and CMYK— the Subtractive Primaries

In subtractive color mixing, one begins with white and ends with black; as one
adds color, the result gets darker and tends to black [Figure 1.3]. The subtractive
color method is used when we mix colors using paint or in the printing process. Cyan
is directly opposed to red; magenta is the opposite of green and yellow is the opposite
of blue in the visible spectrum. If cyan, magenta, and yellow pigments are placed on a
white substrate, each completely absorbs or subtracts its opposite counterpart from

the incoming white light.

Figure 1.3 The CMYK color system—the subtractive color method.
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1.9.2 RGB— the Additive Primaries

Additive color mixing begins with black and ends with white; as more color is
added, the effect is lighter and tends to white [Figure 1.4]. The colors that see on the
computer screen, televisions, and mobile phones are created with light using the
additive color method. They begin with black and add red, green, and blue light to

create the spectrum of colors.

Figure 1.4 The RGB color system—the additive color method
1.10 The Dimensions of Color

Generally, we use simple names such as red, yellow or blue for referring
colors. But not all yellow or blues look the same. Some are lighter or darker and some
seem richer, or more color-full. If asked what color a particular object, it is more than
likely that four different people would describe it in four different ways, so it would
be difficult to describe the color with words. This problem has been solved by

breaking down color into three basic components; hue, saturation and value.
Hue

Hues are colors and color we see is dependent on which wavelength of light
being reflected or transmitted. Hue is one of the most important characteristics of a
color. There is an infinite number of possible hues, for example, orange, yellow, green,
cyan, blue and violet together with the non-spectral colors like magenta saw when
the two ends of the spectrum are mixed. Similarly, there is a range of hues between

any other two hues.
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Saturation

Saturation describes the purity (intensity) of a color. Highly saturated colors
look rich and full. Low intensity colors look dull and grayish. A pure color is 100%
saturated, means there’s no addition of gray to the hue. A hue with 0% saturation
comes out as a medium gray. A more saturated (closer to 100%) hue appears as vivid

or brighter.
Value

Value commonly used for describing the lightness or darkness of a color. All
high saturation colors have a medium lightness (light and dark colors are achieved
by mixing with white or black). The value defines the relative degree of black or white
when it is mixed with a given hue. A color can lighten or darken by varying its

lightness value and effect of lightness depends on the other values in the composition.
1.11 Colorimetry

Colorimetry is the science of color measurement, which is generally used to
measure color differences between samples and it is employed in commerce, industry
and the laboratory to express color in numerical terms. The important colorimetric
applications include paints, inks, plastics, textiles, pharmaceuticals, and products that
reflect or transmit color. Human color perception varies widely and is influenced by
illumination, sample size, surrounding color and the angle of observation.
Colorimetric instruments give a set of standardized conditions that assure

consistency and reproducibility.

In colorimetry, the quantification of color is based on the three-component
theory of color vision, which states that the human eye possesses receptors for three
primary colors (red, green and blue) and that all colors are seen as mixtures of these
primaries. In colorimetry, these components are referred to as X-Y-Z coordinates. The
X-Y-Z tristimulus values are useful for defining colors; they do not allow easy
visualization of color. Thus, a number of mathematical models and graphing methods
have been developed under the auspices of the Commission Internationale de

I’Eclairage (CIE). These conceptualizations are referred to as color spaces.

Basically, a color space based on hue, saturation and lightness uses cylindrical

coordinates [Figure 1.5]. Lightness is the center vertical axis and saturation is the
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horizontal axis that extends from the lightness axis. Hue is the angle at which the
saturation axis extends from the lightness axis. We can apply the relationship
between wave attributes and color attributes to a three-dimensional color space.
Wave amplitude determines a color’s position on the lightness axis. Wave purity
determines its location on the saturation axis and wavelength determines hue angle.
Color space can be used to describe the range of visible or reproducible colors of a
viewer or device. This three-dimensional format is also a very convenient way to
compare the relationship between two or more colors. This standard way of giving a
set of measurable color values to a sample means it is possible to directly compare

colored materials.

Figure 1.5 The concept of color space.

The RGB color model cannot be used as a standard for colorimetric
measurement, because it is not repeatable. For a set of standard colorimetric
measurement scales, we turn to the well-known work of the CIE—the Commission
Internationale d’Eclairage [12]. The principles of colorimetry are based on the fact
that all color stimuli can be simulated by additive mixing of only three selected color
stimuli (trichromatic principle) [13, 14]. A color stimulus can also be produced by
mixing the spectral colors. Thus, it has a spectral distribution, which in the case of
nonluminous, perceived colors is called the spectral reflectance p(4). After defining

three reference stimuli, the trichromatic principle allows a three-dimensional color
15
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space to be built up in which the color coordinates (tristimulus values) can be

interpreted as components of a vector.
CIE Standard Illuminants

Defining the properties of the illuminant is an important part of describing
color in many applications. The CIE’s standards provide a universal system of pre-
defined spectral data for several commonly used illuminant types. In 1931, the CIE

established a set of three standard illuminants and they are identified as A, B, and C:

e [lluminant A represents incandescent lighting conditions with a color

temperature of about 2856° K;
e [lluminant B represents direct sunlight at about 4874° K; and
e [lluminant C represents indirect sunlight at about 6774° K.

Later the CIE added a series of D illuminants, a hypothetical E illuminant, and
a series of F illuminants. The D illuminants represent different daylight conditions.
D50 and D65 are two such illuminants generally used as the standard illuminants for
graphic arts viewing booths (“50” and “65” refer to color temperatures 5000° K and

6500° K, respectively)[Figure 1.6].
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Figure 1.6 a) Bluish day light reflectance b) warm incandescent reflectance.
1.12 CIE Color Systems

In 1931, the CIE created standards for a series of color spaces that correspond
to the visible spectrum. Using the CIE color model we can compare the varying color

spaces of different viewers and devices against the standard observer. The CIE color
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systems are similar to the other three value models they utilize three coordinates to
locate a color in a color space. However, the CIE spaces which include CIE XYZ, CIE
L*a'b" and C