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Introduction

Colors play an important role in our everyday life. We react to colors intellectually,
for example, because we have learned to only cross the street when the crossing
light is green and to wait when it is red. But we also react to colors emotionally. The
color red is perceived as a warm color and stands for energy and warmth, joy, pas-
sion, and love among other things. On the other hand, the color blue belongs to the
cold colors and is seen in connection with ice, snow, and cold emotions. Uniform
objects can be supplied to different purposes by different colors.

This book discusses pigments, dyes, and fillers for plastics and their properties,
including the processing method. An indication of the classification at the Euro-
pean Chemical Agency (ECHA) [7] is given in the case of critical toxicological
pigment properties. The nano pigments are also discussed in detail.

The present book sets out to convey that knowledge in a straightforward and
understandable manner, without compromising scientific objectivity and rigor.
Special attention has been given to clear topical division and structuring to facili-
tate finding pertinent information quickly. That having been said, the gamut of
available colorants and fillers is so vast that there would be insufficient space to
cover all the materials out there, some of them quite exotic.

Instead, this book concentrates on colorants and fillers in regular current use, with
numerous figures and tables to illustrate their properties and applications. All the
same, this book cannot claim to be exhaustive in scope. Readers wishing to obtain
further information and details will be served by the extensive bibliographic refer-
ences provided.

This book is intended for anyone who is professionally involved with colorants and
fillers used in plastic materials. Beginners and students will gain a comprehensive
overview of the field, while experienced developers will find practical details of
immediate relevance to solving their everyday problems.

The colorants are listed according to the internationally used Color Index [1]. The
chemistry of the respective colorant cannot be recognized from this designation.
This knowledge is essential for the colorist because he/she can already recognize
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the essential properties of the respective colorant from chemistry. For this reason,
the chemistry of individual colorants is consciously dealt with. The formulas are
listed and, for organic pigments and dyes, the structural formulas are also pre-
sented. Additionally, the CAS (Chemical Abstracts Service) and EC (European Com-
mission) numbers are given, which are useful in everyday business.

As everywhere in daily life, a series of laws and regulations must be followed, also
in the coloring of plastics. The number of these regulations has increased signifi-
cantly in recent years due to intensive toxicological research into the effects of
substances on the human organism. Thus, the properties of colorants are being
re-evaluated. The consequence can be a limitation or ban on the use of substances.
Typical examples of this are the previously widely used cadmium and lead pig-
ments, and several specific azo colorants (keyword “disazodiaryl pigments”). The
discussion about nanoparticles, and the methods of how these are to be measured,
is not yet complete. The new classifications of pigments as nanoparticles by the
ECHA are still in process. Possible carcinogenic potentials of carbon black and tita-
nium dioxide are being discussed.

There have also been significant changes in the economy. Traditional European
pigment producers were taken over by other companies or outsourced from groups.
The cost pressure has risen sharply: Chinese and Indian pigment manufacturers
are entering the market - some with good qualities.

Except for two new inorganic orange pigments, completely new pigment bases
have not come onto the market in recent years. Pigment development focuses on
improving the pigments’ application properties, such as color strength, dispersibil-
ity, temperature resistance, and on variations in the effect pigments. Issues such
as thermal management have been added.

This book discusses also the physical basics of color formation, color perception,
and color measurement. Since there is already extensive literature in this area [2]
[3] [4] [5], this topic is only highlighted selectively.

The processing techniques for plastic coloring and the production of masterbatches
and preparations are also described [6].
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Color and Color
Measurement

Countless color variations surround us in everyday life. The term “color” is so evi-
dent that it is easy to overlook the role that color plays in everyday life. Although
color has a fundamental impact on our lives, our knowledge of “color” and how to
use it in a controlled manner is often not sufficient - which can lead to problems
when defining or communicating product colors. The assessment often takes place
under the influence of personal feelings and experience, making a uniform assess-
ment impossible.

The human eye perceives light in the visible range. However, “light” is not the
same as “color”, but, first of all, electromagnetic radiation, which triggers nerve
impulses on the retina and which makes “seeing” possible at all. The spectrally
sensitive sensory cells of the retina transmit their signals to the brain, where this
information creates the color impression. So, color is a sensory impression in the
human brain. Visible light is a small part of existing electromagnetic waves. Differ-
ent wavelengths are perceived as different colors. Color is, therefore, a perceptual
phenomenon that depends on the observer and the conditions under which the
color is observed. However, there is no physical quantity for the determination of
colors like for length or weight.

Three things are required to perceive colors [1]:
® an object,

= a light source (illuminant), and

= an observer.

The human brain successfully uses the color impression for object tracking and
recognition. However, the color of an object changes when the color of the illumi-
nant changes or when the object is against a different colored background.

The energy in the form of light is required to see colors. To better understand the
“color” phenomenon, we need to recognize the origin of light. Light comes from a
variety of sources and consists of electromagnetic radiation, a form of energy that
propagates in a wave motion. All visible light consists of a mixture of colors that
are put together in different proportions to form every distinctive visible light. The




6 2 Color and Color Measurement

way we measure light is spectral energy distribution, in Figure 2.1 the visual color
spectrum begins at 400 nm and ends at 700 nm wavelength. Light with wave-
length below 400 nm is called ultraviolet (UV), and that above 700 nm is called
infrared (IR). The human eye cannot perceive ultraviolet or infrared light.

White light spectrum
]
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o e
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e
t
| 1
350 400 450 500 550 600 650 700 750

Wave length [nm]

Figure 2.1 White light spectrum

White light consists of a mixture of colors, which are characterized by a specific
wavelength range. These are the colors of the spectrum - red, orange, yellow,
green, blue, and violet.

Incandescent lamps and luminescence are two ways of generating light. The incan-
descent lamp generates light from thermal energy. Heating the filament of an in-
candescent lamp to a sufficiently high temperature will cause it to glow. Lumines-
cence, also known as cold light, is light from other energy sources. It can be
generated at room temperature or even lower temperatures. Quantum physics ex-
plains luminescence as the movement of electrons from their primary state (lowest
energy level) to a state of high energy. When they return to their primary state, the
electron releases the energy in the form of a light photon. If the time interval be-
tween the two steps is short (a few microseconds), the process is called fluores-
cence. If the interval is long (a few hours), the process is called phosphorescence.



The combination of these wavelengths in the light can change according to the
light source. For this reason, colors can look different under the influence of day-
light, fluorescent light, or sodium vapor lamps. Natural sunlight varies widely. It
can be very blue, especially at noon in northern latitudes. Direct sunlight is usu-
ally seen as golden, but at sunset, it can be bright red. Artificial light from sodium
vapor lamps is yellow, from mercury vapor lamps blue-green, or from an incandes-
cent lamp more or less yellow.

Several phenomena can occur when the light hits an object. With transparent ob-
jects, the electromagnetic waves pass through the object. With colorless objects,
the light passes through the objects unchanged. With colored objects, part of the
light waves is absorbed. The unabsorbed light waves are perceived as color by the
human eye.

With more or less opaque objects, part of the light waves is absorbed, the remain-
ing part is reflected. With a blue object, for example, the red part of the color spec-
trum is absorbed. The human eye then perceives the reflected blue part as a blue
color. The reflection curve of white shows approximately the same intensities near
100% reflection in all wavelengths of the spectrum.

Refraction or scattering means that the light changes direction when it passes
from one medium to another, such as from the polymer to a pigment or filler parti-
cle in a plastic part. Scattering is influenced by the difference in refractive index
between a particle and its surroundings, the particle size, and the wavelength of
the light. An opaque color ensures high scattering. A translucent color shows a
combination of reflection and scattering. Absorption occurs when most of the
wavelengths in the visible spectrum are absorbed. Black objects absorb almost all
light.

An object appears in a particular color because the light reflected from its surface
is made up of precisely the wavelengths combined to produce the observed color.
The object absorbs all other wavelengths. For example, a blue object reflects the
blue light spectrum but absorbs red, orange, yellow, green, and violet, which are
most other wavelengths. A red object reflects the red part of the spectrum, but ab-
sorbs most of the orange, yellow, green, blue, and purple.
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Blue Object Red Object

Figure 2.2 Reflection and absorption of colors

Black and white colors are different from other colors in terms of how they reflect
and absorb light. A white object reflects almost all colors, while a black object com-
pletely absorbs most colors.

Other significant influences on the color of an object are shape and surface effects.
For example, an object can be spherical or square, dull or glossy, transparent,
opaque, or translucent. It can also appear metallic, pearlescent, fluorescent, or
phosphorescent. Viewing angles also affect our color perception.

The human eye is the defining observer of color. An observer almost always bases
the acceptance of a color on visual judgment. For this reason, color matching can
become very subjective, since the color view varies greatly from person to person.
Characteristics such as age, gender, inherited characteristics, and even moods can
influence the color vision [2].

B 2.1 Basics of Color Measurement

People who believe that the eye is the most important observer of color argue that
it is possible to judge color purely by referring to color cards through visual adjust-
ment. Since each person perceives the color differently, this method is very subjec-
tive and is not suitable for an objective assessment.

In addition to genetic abnormalities, color vision changes with age due to the
build-up of yellow macular pigmentation in the eye. For this reason, it is argued
that all original colors must be based on physical measurements. However, these
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measurements and their interpretation must be closely related to the reactions of
the visual observers.

The color control is, therefore, divided into two segments: visual and instrumental.

The color measurement method using the CIELAB method, including measure-
ment with a spectrophotometer, is described below [3].

2.1.1 Spectrophotometer

One method for color measurement is the spectrophotometric method. Spectro-
photometers measure the spectral characteristics of light and use them to calculate
the standard color values based on the CIE normal observer functions. In addition
to the numerical results in different color systems, spectrophotometers allow the
graphical representation of the spectral properties of the object color. Colors are
created by mixing the different wavelengths in certain proportions. A spectro-
photometer evaluates the light reflected by the object for different wavelengths or
wavelength ranges and can display the results as a graphic.

For the measurement, the visible spectrum is broken down into small, narrowly
defined wavelength ranges, each of which is evaluated by another segment of the
sensor (e.g., 39 segments). With this method, the smallest color differences can be
determined, which remain hidden from the human eye.

2.1.2 CIELAB Method

The Commission Internationale de I’Eclairage (CIE) has set certain standard values
that are used worldwide for color measurement.

The CIELAB system, which is widely used today, consists of the Cartesian coordi-
nates a*, b* (hue), and L* (lightness). Each color can be represented by the L*, a*,
and b* values. In certain cases, the polar coordinates L*, C* (chroma, chromatic-
ity), and h® (hue angle) are also used.
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L* =100

L*=0

Figure 2.3 CIELAB coordinate system [1]

The Following Points Must Be Taken into Account when Measuring Color:
= [s the measuring device calibrated (“adjusted”), white/black standard clean?
= Are the values of the current standard correct?

= Has the measuring device been calibrated with a colorful reference sample?
= SO 9001 requires test equipment monitoring!

= [s the sample translucent? => Background!

= [s the sample/background fluorescent?

= Edge effects with thick plastic samples must be taken into account!

= Should the pigmentation or the visual appearance of the plastic article be char-
acterized?

= s the sample matt/glossy?

The Following Must Be Taken into Account when Evaluating the Color:
= Which light source/standard observer is available?

= Which geometry of the measurement/gauge device is used?
mlaborl*a* b*?

= DE* or, e.g., DE (CMC)?

= Color strength calculation: which method (“equality criterion”)?

= Hiding power: which method?
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2.1.3 Influences of Sample Quality and Temperature during
Color Measurement [3]

Powder/Granules

When measuring powders with a spectrophotometer, the measured value depends
on the compaction and the surface. In order to avoid mistakes, some points have to
be considered. The containers (e.g., glass cuvettes) must always be of the same
type, the fill level and compaction of the powder must be constant, and the surface
smooth and comparable. If the grain size is large, it is recommended to use a spec-
trophotometer with a large measuring aperture. The measurement surface is aver-
aged with the result of reproducible measurement values.

Semi-Transparent Materials

For semi-transparent materials, the light partly passes through the layer and is
more or less reflected by the background. It must be taken into account that the
background can have a major influence on the measurement result. This influence
can be minimized by increasing the layer thickness. An opaque white background
material also ensures constant results.

Materials with a Surface Structure

Surfaces with structure and patterns lead to poorly reproducible measurement re-
sults with a small measuring aperture. Therefore, the largest possible measuring
orifice should be used. The measurement accuracy can be significantly increased
by multiple measurements at different locations on the surface and subsequent
averaging.

Influence of Temperature

With some materials, a change in temperature also results in a change in color.
This phenomenon is called thermochroism. To carry out accurate color measure-
ments, the sample and measuring device must have a constant, defined tempera-
ture, ideally by storing them in a room with a constant climate.

Sample Preparation
= The preparation will influence the results!

= The sample should be uniform and homogeneous, without visible particles, air
bubbles, or fingerprints.

= The sample to be measured must be of uniform thickness in the case of translu-
cent and transparent samples.

= The backing must be specified in this case and must be uniform as well.
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= The samples should be as flat as possible.

= |n the case of transparent and translucent samples, the edge loss must be consid-
ered.

= The measurement direction must keep constant in case of dichroism.
= Measurements should be done at room temperature - thermochromism.

= Better to start with new instead of using old samples (aging).

References for Chapter 2
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Plastic Materials

W 3.1 History of Development

The scientific and technical development of plastics began in 1838 with the discov-
ery of polyvinyl chloride (PVC) by Victor Regnault. The name of this new working
area was established by Ernst Richard Escales in 1911 with the first publication of
the magazine Kunststoffe. Hermann Staudinger introduced the term “macromole-
cule” in 1922. Table 3.1 gives a brief historical overview of the most important de-
velopment steps in the field of plastics research and technology. The most import-
ant synthetic plastics are listed in Table 3.3.

Polymers consist of chain molecules that are synthesized by linking of smaller
components, the monomers. These can be of natural origins, such as cellulose, or
are produced by chemical syntheses, such as polystyrene. The properties of poly-
mers are based both on the length of the molecular chains and on the chemical struc-
ture. The principle of building long molecular chains applies to both natural and
synthetic polymers. The molecular structures are shown exemplarily with the two
structural formulas shown in Figure 3.1 and Figure 3.2.

Figure 3.1 Cellulose is made from a monosaccharide
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Figure 3.2 Polystyrene is made from styrene monomer through polymerization

When it comes to bonding monomers, a distinction is made between condensation
and addition polymerization. The number of repeating units in a macromolecule is
called the degree of polymerization.

Depending on the type of repeating unit, the polymers can be called homopoly-
mers, which are built up from only one type of repeating. The incorporation of
chemically different monomers leads to copolymers. If two different monomers are
present, alternating, random, or block-like structures are obtained. Besides linear
chains, there are also branched and cross-linked systems. The diversity of polymer
materials is based on these different molecular architectures.

Plastics can be divided into two important groups: thermoplastics that can be de-
formed by heat and thermosets that cannot be deformed by heat. The major differ-
ence is based on the behavior of the plastic during the forming process.

When a thermoplastic is heated and pressed into a mold, there is no chemical reac-
tion involved. After the polymer has cooled and hardened in the mold, it could be
brought back into a new shape by reheating it without changing the characteristics
of the plastic noticeably.

Thermosets, on the other hand, change chemically as they are brought into their
final shape. They react in a polycondensation reaction and form a network similar
to a spatial grid. This hardening through structural changes in the molecule is
irreversible. Once a thermoset has been molded, it cannot be changed.

Figure 3.3 gives an overview of the synthetic polymers:
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3.1 History of Development

Polycondensates

Phenolic resin

Urea resin

Thiourea resin
Melamine resin
unsat. polyester resin
Alkyd resin

Allyl resin

Silicone

Polyimide
Polybenzimidazole

Polymerizates

Thermoplastics

Polyamide
Polycarbonate
Polyester
Polyphenylene oxide
Polysulfone
Polyvinyl acetal

Figure 3.3 Synthetic polymers

Thermoplastics

Polyethylene
Polypropylene
Poly-1-butenes
Poly-4-methyl-1-pentene
lonomers

Polyvinyl chloride
Polyvinylidene chloride
Polymethyl methacrylate
Polyacrylonitrile
Polystyrene

Polyacetal
Fluoroplastics

Polyvinyl alcohol
Polyvinyl acetate
Poly-p-xylylene

Table 3.1 The History of the Development of Plastics

Year Discoverer Discovery

Laboratory scale polyvinyl chloride
Crosslink-ability of rubber with sulfur

1838
1839

1846 to 1900
1901

1912
1928
1928

1928
1930 to 1933

1933

Victor Regnault

Charles Nelson
Goodyear

Otto Rohm

General Electric
Otto R6hm
Erich Konrad

Heinz Hopf

IG-Farbenindustrie

Eric W. Fawcett and
Reginald O. Gibson

Polyadducts

Thermosets

|

Epoxy resin
crosslinked polyurethanes

Thermoplastics|

linear polyurethanes
chlorinated polyethers

Development of cellulosic plastics

First work on acrylic acid and

acrylic acid esters

Patenting of the first alkyd resins

Production of polymethyl methacrylate

Development of Buna S, the first all-purpose

synthetic rubber

Technical production of caprolactam

Start of production of polystyrene,
polyacrylonitrile, polyisobutylene, polyvinyl
chloride, and polyethylene oxide

High-pressure polymerization of ethylene to

produce LDPE
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Discoverer Discovery

1933 to 1939

1935 to 1938

1938

1940
1946

1946
1953

1953
1957
1965

1967

1973
From 1973

ICI

Wallace Hume
Carothers

Du Pont

Paul Schlack
IG-Farbenindustrie
Otto Bayer

John R. Winfield and
James T. Dickson

US-Rubber Co.
Karl Ziegler

Hermann Schnell
Hoechst AG
Shell

Dynamit Nobel AG

Dynamit Nobel AG

Elaboration of the technical basis for the
large-scale production of polyethylene

Production of the first polyamide 66 (Nylon),
production of Nylon begins

Production of the first polyamide 6 (Perlon),
Start of production of Perlon
Process for the production of polyurethane

Discovery of saturated polyester as a fiber
raw material, production at ICl and Du Pont

First ABS plastics

Low-pressure polymerization of ethylene with
organometallic catalysts

Discovery of polycarbonates
Start of production of polypropylene

Block copolymers made from styrene and
polyolefins

Technical production of crystal-clear
polyamide
Production of polyvinylidene fluoride begins

Development of special plastics such as
polyaryl ethers, polyaryl sulfones, poly-
phenylene sulfide, polyether sulfone, poly-
etherimide, polyimide sulfone and, above all,
thermoplastic copolymers

B 3.2 Thermoplastic Polymers

In plastics processing, thermoplastic polymers play the most considerable eco-
nomic role, as they can be melted and deformed at higher temperatures without
significant decomposition. Although they have most of the required material prop-
erties after their production, coloring is advantageous for many purposes or is
necessary for identification. The thermoplastic polymers show the following prop-

erties:
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Table 3.2 Properties of Thermoplastic Polymers
Natural state = Transparent to beige opaque
= Material properties largely available
Coloring Depending on the use, advantageous to absolutely
necessary (e.g., electrical cables)

Typical characteristics = Highly viscous consistency above the softening point

= Decrease in viscosity up to the decomposition point
= Hardening after cooling

Thermoplasticity Is used to process plastics through injection molding,
extrusion, blow molding and welding

Damage With every machining process, the material is damaged to a
greater or lesser extent

Under unfavorable processing conditions, crystallization effects can occur after the
reshaping of polymers. Crystallization nuclei can also be pigments. This can
change the shape of the finished plastic article (“warpage”). The consequence can
be, for example, that beverage crates can no longer be stacked or that the lid of
garbage cans no longer fits on the can.

The thermoplasticity of plastics is used to process them by injection molding, ex-
trusion, blow molding, or welding.

The advantages of polymer materials are:

= Jow specific weight

= high resistance to corrosion and rotting

= high electrical insulation properties

= thermal insulation and sound insulation

= easy shaping

= jdeal material for mass production because of its economic processability
= easy to color, print, and metalize

= wide range of inexpensive raw materials

These favorable properties are offset by the following disadvantages:

= ysually low mechanical strength

= Jow heat resistance

= deterioration of the physical properties under the action of light and heat
= most polymers are flammable

= expensive waste disposal

= uneconomical reparability

= Jimited dimensional accuracy, a tendency to post-shrinkage and creep
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3.2.1 Chemical Composition and Material Properties

3.2.1.1 Polyvinyl Chloride

Polyvinyl chloride (PVC) is produced on an industrial scale using emulsion, sus-
pension, and bulk polymerization processes. PVC is flame-retardant and very
resistant to chemicals. Its softening point is between 75 °C and 80 °C. Processing
is relatively easy by calendering, extrusion, and blow molding, whereby the PVC
usually needs to be stabilized, e.g. by environmentally friendly calcium-zinc stabi-
lizers. For injection molding, PVC with low molar mass (low K-value, easy flowing)
must be used.

PVC can be produced as PVC-u (unplasticized), PVC-p (plasticized), a copolymer of
vinyl chloride with vinyl acetate, and as an impact-resistant molding compound by
mixing PVC with rubber-like components. PVC-u can be bonded and welded and is
processed into pipes, fittings, window frames, and fagade coverings, among others.
PVC-p is used as a base material for films, floor coverings, hoses, cable insulation,
artificial leather, or similar things, and is particularly suitable for high-frequency
welding.

3.2.1.2 Polyolefins

Polyolefins are all polymers made from olefins, such as polyethylene, polypropyl-
ene, polybutene-1 and polyisobutylene. They have good mechanical properties, are
easy to process, resistant to chemicals, and versatile, and have a good price-perfor-
mance ratio.

3.2.1.2.1 Polyethylene

Polyethylene is produced by polymerizing ethylene using various processes. Its
properties are mainly determined by the molar mass, the molar mass distribution,
and the degree of branching. The density and the melting point increase with the
crystalline portion of the polyethylene, whereby the lower the degree of branching
of the molecular chains, the higher this portion is. The traded polyethylene is dif-
ferentiated according to its density in LDPE, LLDPE, and HDPE, whereby the over-
all density ranges between 0.91 g/cm?® and 0.97 g/cm?.

Low-density polyethylenes can be manufactured in high-pressure processes (LDPE)
or low-pressure processes (LLDPE). The use of metallocene catalysts in recent
years has brought about a further improvement in the product properties in both
process variants.
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3.2.1.2.2 Polypropylene

Most of the polypropylene (PP) is produced by the gas phase process using metal-
locene catalysts, which are tailored to the desired product properties. PP is used in
the packaging sector (films), in the textile sector for fibers and tapes and the indus-
trial sector (vehicle construction, electrical engineering/electronics, semi-finished
products). There is a large number of PP products on the market that differ in their
flowability, transparency, scratch resistance, flexural modulus, flexibility, weather
resistance, heat resistance, rigidity, hardness, toughness, and melting point,
among other things. Highly crystalline PP products (HCPP) close the gap between
unreinforced PP and PP reinforced with mineral fibers or platelets.

3.2.1.3 Styrene Polymers and Copolymers

Polystyrene (PS) is the thermoplastic polymer of styrene (C;H,-CHCH,) and is tech-
nically predominantly polymerized by free radicals in suspension. PS is crystal
clear, stiff, quite brittle, and resistant to acids, alkalis, alcohol, and mineral oil, but
not resistant to, or soluble in, most solvents. It is inexpensive, easy to process, and
versatile. To improve the brittleness, the impact resistance, and the light sensitiv-
ity of the standard PS, before the polymerization, the styrene is added to a solution
of polybutadiene. Since the two polymers are immiscible, a polystyrene phase is
formed when the reaction is carried out appropriately, in which small particles of
the grafted rubber are embedded. The amount of rubber used, as well as the struc-
ture and size of the particles of the graft polymer, are decisive for the mechanical
properties of impact-resistant polystyrene (HIPS, High-Impact PS).

Another change in properties can be achieved by copolymerizing styrene with
acrylonitrile (SAN), with acrylonitrile and butadiene (ABS), or with acrylonitrile
and acrylic ester (ASA). SAN has high strength and hardness, as well as excellent
heat resistance. ABS is particularly impact-resistant, but due to the butadiene con-
tent only has limited aging resistance. ASA is also particularly impact-resistant,
but more weatherresistant than ABS. The products are used in household and
consumer goods as well as in sophisticated technical parts.

3.2.1.4 Acrylic Resins

Acrylic resins are the collective name for polymers of acrylic acid and methacrylic
acid, as well as the corresponding nitriles, esters, amides, and similar. The best-
known type of acrylic resin is thermoplastic poly(methyl methacrylate) (PMMA). It
is produced using free radical polymerization in bulk, solution, suspension, and
emulsion processes. Methacrylates have a wide range of properties. The excellent
light transmission, combined with low weight and high flexibility in processing, as
well as particularly excellent weather resistance, contributes significantly to the
fact that this material can be used in many ways, e.g., in building glazing, the illu-
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minated advertising sector, and automotive engineering. In addition to standard
PMMA, impact-resistant molding compounds are also produced.

3.2.1.5 Polyamide

Silk and wool are natural polyamides (PA) while technical thermoplastic PAs are
best known as “Nylon” (PA 66) and as “Perlon” (PA 6). PAs are designated accord-
ing to the number of carbon atoms in their monomers: PA 6 = polycaprolactam;
PA 66 = polycondensation product of hexamethylenediamine and adipic acid (DIN
16773 T1). PAs are semi-crystalline, and conventional PAs melt between 200 °C
and 260 °C. The narrow melting and solidification range is also characteristic.
Polyamides are mainly processed into fibers and used for technical parts in the
electrical industry and vehicle construction. The impact strength is increased by
adding elastomers; glass fibers and mineral fillers increase strength and reduce
thermal expansion. PAs are resistant to alkalis, many solvents, fuels, and oil, but
are attacked by acids. Partly aromatic polyamides (PPA) are suitable for the highest
mechanical, thermal, and environmental stress.

3.2.1.6 Polycarbonate

Polycarbonates (PC) are linear thermoplastic polyesters and polycondensation
products of carbonic acid with diols, e.g., dioxydiphenylalkanes. Starting products
are bisphenol A (2,2-bis(4-hydroxyphenyl)propane) and phosgene. PCs are very
translucent, mechanically stable, heat-resistant, and have excellent electrical insu-
lation properties. In addition to areas of application in electrical engineering and
the automotive sector (headlights), considerable quantities are processed into
laser-optically readable data carriers (e.g., CDs). For technical applications in the
automotive sector, PCs are also processed into blends (e.g., ASA/PC or ABS/PC).

3.2.1.7 Other Thermoplastics

Since a detailed treatment of all plastics would go beyond the scope of this book, a
few more important plastics should be mentioned at this point:

= ABS - acrylonitrile-butadiene-styrene copolymers
= ASA - acrylonitrile-styrene-acrylic ester

= SAN - styrene-acrylonitrile copolymers

= PET - polyethylene terephthalate

= PBT - polybutylene terephthalate

= POM - polyoxymethylene

= PUR - polyurethane
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Table 3.3 Uses of Commercially Available Plastics

PE (polyethylene)

PP (polypropylene)

PS (polystyrene)

SB (styrene butadiene)

SAN (styrene acrylic
nitrile)

ABS (acrylic butadiene
styrene)

ASA (acrylonitrile styrene
acrylic rubber)

PPO (polyphenylene
oxide)

PA (polyamide)

Films (carrier bags, sacks, etc.)
Hollow bodies

Bottle crates

Toys

Cables

Pipes

Household items (mixing bowls)
Toys

Bottle crates

Stretched woven tapes (bags, nets)
Fibers

Electrical industry (spools, light covers, tape and film
reels)

Household items (stay-fresh cups, party dishes,
refrigerators)

Toys

Office supplies

Parts without much mechanical stress

Electrical industry (TV rear panels, junction boxes, phone
housings)

Coat hangers

Thermoformed packaging for dairy products
Packaging for eggs

Drinking cups for vending machines

Machine housings

Toys

Electrical industry (covers, household machines)
Containers, coffee filters

Headlight housings

Indicator and taillight covers

Machine housings

Vacuum cleaner housings, food processors, telephone
housings

Automotive industry (front spoilers, radiator grilles, glove
boxes)

Traffic lights

Information signs

Hot water drainage pipes

Garden furniture, boat hulls

High-temperature-resistant plastic parts (> 200 °C)

Fibers
Technical articles (gears, bobbins)
Machine housings



Symbols

B-naphthol pigment lakes 197, 247
B-naphthol pigments 196, 200

A

abrasiveness 33, 57, 133

absorption 7

acrylic resins 19

acrylonitrile-butadiene-styrene
copolymers 20

acrylonitrile-styrene-acrylic ester 20

acute toxicity 407

addition polymerization 74

additive 32, 49, 317, 339

afterglow pigment 99, 100, 119

agglomerates 57

aggregate 404

alcohol ethoxylate 347

aluminosilicate 741

aluminum 701

aluminum benzoate 3718

aluminum flakes 707

aluminum silicate, precipitated 132
aminoanthraquinone pigments 304
aminosilane 743

anatase 66, 67

aniline process 97

anthraquinone derivative 157
anti-blocking agents 318
antimicrobial substance 330
antimicrobial substances 3719
antioxidants 379

antistatic additives 318
antistatic agents 47
aragonite 139

artificial exposure 43
aspect ratio of fillers 134
azodicarbonamide 336
azo dye 157,403

azo pigments 196

B

barite 132

barium sulfate 132, 137
benzimidazole pigments 211
benzimidazolone pigments 796
benzophenone 378
benzotriazole 318
benzoxazole derivative 124
BET value 134
biodegradability 137
biodegradable plastics 25
bioplastics 23

biotite 137, 142
bisacetoacetarylide pigments 196, 233
bismuth oxychloride 770
bismuth vanadate 127
bismuth vanadate pigment 85
bismuth vanadium tetroxide 85
black pigment 28

bleeding 47

blow molding 23, 353, 356
blue scale 40

BONA pigments 247



brass 107
brilliance 59
bronze 101
brookite 66
brown pigment 79

c

calcite 131,139

calcium carbonate 1371, 139

calcium sulfate 743

calendering 353, 358

carbon black 60, 73, 371

carbonization 113

carcinogenic amines 229

cellulose 13

cerium sulfide pigments 93

chalk 139

chalk, CaCO; 139

chemical blowing agents 3719

chemical constitution 794

chemical resistance 37-33, 36, 131, 132

chemical safety assessment (CSA) 396

chemical safety report 393, 396

chemicals regulation 393

China clay 132,142

chloride process 66

chrome antimony titanium buff rutile 87

chrome iron brown 86, 121

chrome titanium yellow 120

chromium oxide green 88

chromophore groups 793

chromophoric group 154, 196

chronic toxicity 401

CIELAB coordinate system 70

CIELAB method 9

CIE normal observer 9

classification of inorganic colored
pigments 59

CLP Regulation 398-400

cobalt blue 77

cobalt green 89

cobalt lithium phosphate 95

cobalt magnesium borate 95

colorant concentration 343

colorants 27

colorant selection 37

color concentrate 340

color concentration 346

colored pigment 28

color flop 107

color impression 5

Color Index 32

Color Index Number (Cl No.) 32

coloring concentration 31, 44, 348

color luster pigment 106

color matching 8

color measurement 8

color pearlescent pigment 700

color preparation 37, 339

color specks 360, 361

color spectrum 6

color streaks 360-362

color strength 33, 59

color system

- HSK 31

- Pantone 37

- RAL 31

Commission Internationale de I'Eclairage
(CIE) ¢

complex inorganic colored pigments 80

compound 340

compressive strength 137

condensation polymerization 74

conductive pigment 712

conductivity 27, 56

CONEG Regulation 420

copolymer 74

copper 102

copper-tin alloy 102

copper-zinc alloy 102

cornflake type 701

coverage 33

creep modulus 132

cristobalite 132

crystallization degree 49, 50

crystal modification 23, 38

cyanoacrylate 318

cylindrical granulate 345-346

cylindrical granules 345



D

d50 value 133

daylight 7

daylight color 121

density 27,131

density of fillers 133

dibenzylidene sorbitol (DBS) 378

diketo-pyrrolo-pyrrole pigments (DPP)
286

DIN 53235-1: 2005-06 34

DIN 53235-2:2005-06 34

DIN 53772 45

DIN EN 12877-2: 2000-01 43

DIN EN 144691 37

DIN EN 14469-2:2004-08 37

DIN EN 14469-3: 2004-08 34

DIN EN 14469-4 47, 48

DIN EN ISO 787-15:1995-10 40

DIN EN ISO 787-24: 199510 33

DIN ISO 4649: 2014-03 51

dioxazine pigments 284

Directive 67/548/EEC 398

Directive 1999/45/EC 398

Directive 2002/61/EG (Azo) 414

Directive 2011/65/EU 415

Directive (EU) 2018/852 419

disazo condensation pigments 196,
235

disazodiarylide pigments 196, 229

disazodiaryl pigment 126, 229

disazo pigments 196, 229

disazopyrazolone pigments 196, 234

dispersant 319, 336, 343, 349, 350

disperse dyestuff 754

Disperse Orange 24 177

Disperse Orange 47 178

Disperse Violet 26 186

Disperse Violet 31 186

Disperse Yellow 201 765

Disperse Yellow 232 171

Disperse Yellow 241 166

dispersibility 33, 57

dolomite 132, 139-141

downstream users 393

dye 27,28,152, 156, 157

dyes 151
dyes, organic 29

E

ECHA (European Chemicals Agency) 195
ecology 401,404

effect colorant 727

effect pigment 28, 99

elasticity, modulus of 132

elastic modulus 137

elastomer 347-349

electrical conductivity 137
electrically conductive pigment 99
electromagnetic radiation 5
electromagnetic waves 5
elongation at break, 317
embryotoxicity 403

engraving 113

EN ISO 14001:2009 384
environmental management system 384
EU Directive 67/548 401

EU Resolution AP (89)1 64
excimer laser 115

extruder 355

extrusion 353-355

F

fastness value 794

fatty acid ester 347

fatty acid ester ethoxylate 347

Federal Institute for Risk Assessment
recommendation IX 48

feldspar 743

filler 32, 49,129

fillers, active 132

film blow molding 357

film test 33, 52

filter pressure value (FPV) 52

flaky pigment 27

flame retardant additives 318

flammability 137

flavanthrone pigments 307

flexural strength 137



flop pigment 700

flow line 109

Fluorescent Brightener 393 124
fluorescent color 99, 121, 122
fluorescent light 7

fluorspar 132

functional filler 130, 144
functional pigment 99

furnace black 60

G

generation test 4071-403

German Ordinance on Hazardous
Substances 83

glass fiber 112, 148

glass pearls 112

glass spheres 145

glass transition temperature 152

grayscale 41

green pigment 88

ground calcium carbonate 137

gypsum 132

H

HALS 276, 323

hardness 137-133
Hazardous Substances Ordinance 479
heat management 99
heat resistance, 137
heavy metal 25, 63, 64
hiding power 59, 343
homopolymer 74

hot feed dosage 107

hot runner 708

HSK 31

hydrolysis process 97
hydrophobic treatment 135
hydroxylamine 378

impact strength 317

indanthrone pigments 306

inhalation toxicity 402

injection molding 23, 353

injection point 709

inorganic pigment 28, 59

interference pigment 105

iron chromium oxide 87

iron manganese black 76

iron manganese oxide 88

iron oxide black 75

iron oxide red 91

iron oxide yellow 82

iron titanate /5

ISO 787-3:2001-09 56

ISO 787-9: 2018-03 56

ISO 787-15:1995-10 42

ISO 1133-1:2012-03 53

ISO 4892-1:2016-05 42

ISO 4892-2: 2013-03 42

ISO 9000 377

ISO 9001 379

- 2015 382

ISO 9004 380

ISO 18451-3: 2014-07 - Pigments, dyes,
and fillers 29

ISO 23900-5: 2017-07 52

ISO 23900-6: 2017-07 52

isoindoline pigments 298

K

kaolin 132, 141-143
- calcined 132
kneader 341

L

laked azo pigments 196, 247
lamp black 60

lapis lazuli 78

laser marking 99, 113, 114
laser welding 115



LD50 value 401

legal requirements 32
lenticular granulate 345, 346
light absorption 99

light fastness 33, 38

light resistance 27, 39-41
light scattering 99

light stabilizer 322
light/weather resistance 31
limestone 139

liquid color 323, 347
lithopone 66

long-term thermal stabilizer 322
lubricants 319, 336
luminescence 6

M

macromolecule 13
magnesium hydroxide 132
magnetic shielding 137
manganese violet 95
marble 139

mask technology 174
masterbatch 340-342

melt flow index 53

melt mass flow rate (MFR) 53
melt spinning 353, 359

melt volume flow rate (MVR) 53
metal complex pigments 796, 293
metallic effect 703

metallic effect pigment 703
metal pigment 101, 112
metamerism 54

mica 132,137, 141, 142

mica flake 105-107
micro-granules 346
migration 48

migration fastness 37-33, 47
mineral modifier 130
mixture 400

Mohs Hardness 137
moisture absorption 137
moisture streak 364

monoacetoacetarylide pigment lakes
197

monoacetoacetarylide pigments 796,
258

monoacetoacetaryl pigments 197

monoazo pigments 196, 197

monoazopyrazolone pigments 796

monobatch 340

mono-constituent substance 394

multi-constituent substances 394

muscovite 137, 142

mutagenicity 401-403

N

nano EU regulation 373

nano EU regulatory framework 373
nanofiber 366

nano iron oxides 368
nanomaterial 365

nanoobject 366

nanoparticle 366

nanoplate 366

nanorod 366

nanostructured material 367
nano titanium dioxide 369
nanotube 366

nanowire 366

nano zinc oxide 370

naphthol pigments 796, 200
natural calcium carbonate 137
ND-YAG laser 115

Neuburg siliceous earth 132, 144
nickel barium titanium oxide 83
nickel titanium yellow 82, 121
niobium tin pyrochlore 85
nucleating agent 49, 50, 318
nucleating effect 50

o

oil absorption value 133-135
opacity 35

opaque objects 7

opaque pigment 27



operation of laser welding 717
optical brightener 99, 121-123
Optical Brightener OB-1 124
optically variable pigments 107

Ordinance on Hazardous Substances /77

organic colorants 38
organic dye 29

organic pigment 28, 193
oxalanilide 318

P

packaging guideline 479

Pantone 37

paraffin oil 347, 350

paragonite 137

particle size 27

particle size distribution 794

pastel shade 344-346

pastel tone 349

pearlescent interference pigment 107

pearlescent pigment 69, 100, 104, 137,
345

perinone pigments 282

perspiration fastness 48

perylene pigment 276, 323

phlogopite 137, 142

phosphites 318

phosphorescence 6

phosphorescent pigment 179

photoluminescent pigments 179

phthalocyanine pigments 265

pH value 56, 134

pigment 27

- black 28

- colored 28

- effect 28

- flaky 27

- inorganic 28

- opaque 27

- organic 28

- transparent 27

- white 28

Pigment Black 6 70

Pigment Black 7 70

Pigment Black 11 75
Pigment Black 12 75
Pigment Black 22 75
Pigment Black 26 76
Pigment Black 27 76
Pigment Black 28 76
Pigment Black 29 76
Pigment Black 30 76
Pigment Blue 15 265
Pigment Blue 15:1 266
Pigment Blue 15:3 267
Pigment Blue 15:4 268
Pigment Blue 28 77, 121
Pigment Blue 29 78
Pigment Blue 36 77
Pigment Blue 36:1 77
Pigment Blue 60 306
Pigment Blue 72 77
Pigment Brown 23 246
Pigment Brown 24 81, 120
Pigment Brown 25 228
Pigment Brown 29 86, 121
Pigment Brown 33 86
Pigment Brown 35 87
Pigment Brown 37 87
Pigment Brown 38 303
Pigment Brown 39 87
Pigment Brown 40 88
Pigment Brown 41 247
Pigment Brown 43 88
pigment carbon black 70
Pigment Green 7 269
Pigment Green 8 293
Pigment Green17 88
Pigment Green 26 89
Pigment Green 36 270
Pigment Green 50 90, 121
Pigment Metal 1 707
Pigment Metal 2 102
Pigment Orange 5 201
Pigment Orange 22 209
Pigment Orange 31 239
Pigment Orange 34 233
Pigment Orange 36 219
Pigment Orange 38 210



Pigment Orange 43 282
Pigment Orange 61 302
Pigment Orange 62 220
Pigment Orange 64 312
Pigment Orange 68 297
Pigment Orange 71 291
Pigment Orange 73 292
Pigment Orange 75 93
Pigment Orange 78 93
Pigment Orange 82 94
pigment preparation 339
Pigment Red 5 202
Pigment Red 48 249
Pigment Red 48:1 250
Pigment Red 48:2 251
Pigment Red 48:3 252
Pigment Red 53:1 248
Pigment Red 57:1 253
Pigment Red 88 283
Pigment Red 101 97
Pigment Red 112 203
Pigment Red 122 273
Pigment Red 144 240
Pigment Red 146 204
Pigment Red 149 277
Pigment Red 151 254
Pigment Red 166 241
Pigment Red 170 205
Pigment Red 171 222
Pigment Red 175 223
Pigment Red 176 224
Pigment Red 177 305
Pigment Red 178 278
Pigment Red 179 279
Pigment Red 185 225
Pigment Red 187 206
Pigment Red 188 207
Pigment Red 202 274
Pigment Red 208 226
Pigment Red 209 275
Pigment Red 214 242
Pigment Red 216 308
Pigment Red 220 243
Pigment Red 221 244
Pigment Red 222 208

Pigment Red 224 280
Pigment Red 242 245, 255
Pigment Red 243 256
Pigment Red 247 257
Pigment Red 2471 257
Pigment Red 254 287
Pigment Red 255 288
Pigment Red 264 289
Pigment Red 265 93
Pigment Red 272 290
Pigment Red 275 93
Pigment Violet 15 94
Pigment Violet16 95
Pigment Violet19 272
Pigment Violet 23 284
Pigment Violet 29 281
Pigment Violet 32 227
Pigment Violet 37 285
Pigment Violet 47 95
Pigment Violet 48 95
Pigment White 4 67
Pigment White 5 66
Pigment White 6 66
Pigment White 7 68
Pigment White 12 69
Pigment White 15 69
Pigment White 18 139
Pigment White 20 137
Pigment White 21 137
Pigment White 27 138
Pigment Yellow 13 230
Pigment Yellow 14 231
Pigment Yellow 24 307
Pigment Yellow 42 82
Pigment Yellow 49 198
Pigment Yellow 53 82, 121
Pigment Yellow 62:1 259
Pigment Yellow 83 232
Pigment Yellow 93 235
Pigment Yellow 94 236
Pigment Yellow 95 237
Pigment Yellow 97 199
Pigment Yellow 109 298
Pigment Yellow 110 299
Pigment Yellow 116 200



Pigment Yellow 117 294

Pigment Yellow 119

Pigment Yellow 120
Pigment Yellow 128
Pigment Yellow 138
Pigment Yellow 139
Pigment Yellow 147
Pigment Yellow 150
Pigment Yellow 151

Pigment Yellow 154
Pigment Yellow 155
Pigment Yellow 157
Pigment Yellow 161

Pigment Yellow 162
Pigment Yellow 163
Pigment Yellow 164
Pigment Yellow 168
Pigment Yellow 169
Pigment Yellow 173

Pigment Yellow 175

Pigment Yellow 177

Pigment Yellow 180
Pigment Yellow 181

Pigment Yellow 182
Pigment Yellow 183
Pigment Yellow 184
Pigment Yellow 189
Pigment Yellow 191

Pigment Yellow 191:1
Pigment Yellow 192
Pigment Yellow 194
Pigment Yellow 216
Pigment Yellow 227
plastic history 715

plasticizer 25, 47, 319, 333, 347

plastorite 133
polyamide 20

polybutylene terephthalate 20

polycarbonate 20

polycyclic pigments 196, 264

polyethylene 18

polyethylene terephthalate 20

83, 121
212
238
309
300
304
295
213
214
234
83
84
84
84
84
260
261
301
215
296
216
217
310
262
85, 121
84
263
264
311
218
86
85

polyhydric alcohol 347

polylactide 24
polyolefins 78

polyoxymethylene 20
polypropylene 19

polystyrene 13

polyurethane 20

polyvinyl chloride (PVC) 13, 18
post-treatment 794

powder preparations 349
precipitated calcium carbonate 137
preparation type 340

pressure filter test 33, 57
processability 130

processing parameters 37
processing problem 359
processing stabilizer 322
processing stabilizers 318
processing temperature 23, 43, 156
pyranthrone pigments 308
pyrazolone pigment lakes 197, 262

Q

quality management 377
quartz 132

quickbatch 340
quinacridone pigments 270
quinophthalone pigments 309

R

RAL 37

REACH regulation 393

refractive index 7, 65, 131
Regulation (EC) No. 975/2009 410
Regulation (EC) No. 1272/2008 396
Regulation (EC) No.1935/2004 48
Regulation EU AP (89) 407
Regulation (EU) No 10/2011 48
Regulation EU No.10/2011 471
reinforced plastic 748

relative color strength 34

release agents 319, 336

residence time 44, 45

resistance

- chemical resistance 36

- light resistance 38-41



- thermal resistance 45, 46
- weather resistance 38, 41
rotomolding 353, 358
rutile 66

rutile lattice 79

S

safety data sheet 387, 394
saliva fastness 48
scattering 7
scratchability 133
sericite 137

shape effect 8

sheet silicate 141
shrinkage 33, 49, 50, 130
shrinkage /warpage 37
silanization 744

silica 141

silica, precipitated 138
silica, pyrogenic 138
silicate 141

silicic acid 138

silicic acid, precipitated 132
silicic acid, pyrogenic 132
silicon dioxide 741

silver dollar type 107
solar radiation 42
soluble salt content 56
Solvent Blue 35 158
Solvent Blue 67 159
Solvent Blue 78 160
Solvent Blue 97 161
Solvent Blue 104 162
Solvent Blue 132 7163
solvent dyestuff 754
Solvent Green 3 173
Solvent Green 5 174
Solvent Green 20 175
Solvent Green 28 176
Solvent Orange 60 177
Solvent Orange 63 179
Solvent Orange 107 178
Solvent Red 52 180
Solvent Red 111 181

Solvent Red 135 182
Solvent Red 179 183
Solvent Red 195 184
Solvent Violet13 187
Solvent Violet 36 188
Solvent Violet 37 189
Solvent Violet 49 190
Solvent Yellow 93 167
Solvent Yellow 98 168
Solvent Yellow 114 164
Solvent Yellow 135 169
Solvent Yellow 145 170
Solvent Yellow 160:1 177
Solvent Yellow 163 172
Solvent Yellow 179 165
sound insulation 137
specific surface area 134
spectral energy distribution 6
spectrophotometer 9
spinel 77

spinel black 75, 76

spinel blue 77, 121

spinel green 90, 121
sprinkle effect pigment 127
stainless-steel metal flake 703
standard color depth 34
standard color values 9
standard illuminant F 11, 54

sterically hindered amines (HALS) 318

sterically hindered phenols 318

styrene-acrylonitrile copolymers 20

styrene polymers 719
sublimation 755
sublimation resistance 156
substance 400

sulfate process 66
surface area (BET) 27
surface effects 8
surface gloss 317
surface tension 135



T

talc 132, 141-143

Technical Committee Nanotechnologies
366

tensile strength 132, 317

teratogenicity 403

teratogenicity /embryotoxicity 401

test method 33

thermal color 99, 121, 126

thermal conductivity 137

thermal damage 363

thermal damage to the colorant 46

thermal management 720

thermal resistance 37-33, 36, 43-45, 59

thermal stability of colorants 43

thermal stabilizers 378

thermoplastic 74, 340, 347-353

thermoset 74, 340, 347-349

thioindigo pigments 282

tin dioxide 69

tin titanium zinc oxide 94

tin zinc titanium oxide 86

titanium chromium niobium oxide 84

titanium chromium tungsten oxide 84

titanium dioxide 66

titanium manganese antimony oxide 84

titanium manganese chromium antimony
oxide 88

titanium manganese niobium oxide 87

titanium nickel niobium oxide 84

titanium nickel tungsten oxide 84

toluenesulfohydrazide 336

toxicity
- acute 401
- chronic 402

toxicology 32, 372, 401
Toys Directive 405
transparency 35
transparent iron oxide 92
transparent pigment 27
Triclosan 330

Tyndall effect 752

type of plastic 37

type of preparation 37

u

UL 94 327
ultramarine blue 78
ultramarine violet 94
universal batch 347
UV radiation 731
UV stabilizers 318

Vv

Vat Red 41 185
vector technology 174
viscosity 53, 317
visible light &

W

warpage 33,49-50
water absorption 132
water absorption value 734
weather fastness 33, 38
weather resistance 27, 41
white light spectrum 6
whiteness degree 133
white pigment 28

white pigments 65
wollastonite 132, 143

z

zinc iron brown 83, 121

zinc iron chromium oxide 86

zinc manganese chromium oxide 87
zinc oxide 67

zinc sulfide 68

zinc white 67

zirconia 69
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